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Abstract
In light-matter interaction, the conservation law of angular momentum requires
the transfer of angular momentum of light to matter, which consequently couples
light polarization to various state variables of materials, such as mechanical mo-
tion, magnetization or charge current, thus gives rise to a plethora of intriguing
physical phenomena. This dissertation focuses on the roles of photon spin and
electron spin in light-matter interaction. Here, the angular momentum transfer
in three different scenarios are studied.
First, in an integrated optomechanical device, the spin angular momentum of
light propagating in a waveguide is revealed through the use of optical torque to ex-
cite torsional motion of the device. The quantitative optical torque measurement
confirms the spin angular momentum of a photon in waveguide to be on the order
of ~. Our measurement also provides a check of the famous Minkowski-Abraham
dilemma of photon angular momentum and verifies the Minkowski momentum
applies in our system.
Second, the coupling of light polarization and electron spin orientation is in-
vestigated in the optical excitation of surface states in a 3D topological insu-
lator Bi2Se3. The angular momentum conservation manifests itself in the spin-
dependent optical selection rules and the generation of a photocurrent at zero bias
voltage.
Finally, we present the all-optical manipulation of magnetic order in ferrimag-
netic alloy Gd(FeCo) using sub-picosecond laser pulses as the ultrafast stimuli.
The instantaneous heating of the electron temperature due to light absorption
iv
triggers the energy and angular momentum exchange between the three thermo-
dynamic reservoirs (electron, spin and lattice) and leads to the switching of mag-
netization. As a step towards device application, we demonstrate an magnetic
tunnel junction that can be switched all-optically without any external magnetic
fields.
v
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Chapter 1
Introduction
1.1 Overview
As one of the elementary particles, photons carry not only energy but also mo-
mentum, both linear and angular ones cite. The energy and momentum of light
are implicitly embedded in the Maxwell equations, the classical theory that gov-
erns the interaction between light and matter. In fact, the energy and momentum
of light are obvious when consider a charged particle experiences a Lorentz force
when is subject to electromagnetic fields. The induced acceleration of the particle
manifests the exchange of energy and momentum with light. From the quantum
theory of light, the linear and angular momentum of a single photon are con-
nected to its two fundamental degrees of freedom: frequency ω and polarization.
Interestingly, for a circularly polarized photon in vacuum, the linear momentum
is proportional to its frequency as ~ω/c, whereas the angular momentum is a
constant ~.
The research on the interaction between light and matter has formed the foun-
dation of modern optoelectronics and spawned numerous technologies ranging
1
from optical communication, imaging to solar energy that have profound impacts
on our society. Particularly, most of the optoelectronic devices have been de-
veloped based on the energy and linear momentum attributes of light, namely
the transfer of energy and linear momentum with materials in the process of ab-
sorption, emission or diffraction of light, whereas the role of angular momentum
is often ignored. Nevertheless, the conservation law also requires the exchange
of angular momentum between light and matter, which could, in some circum-
stances, couple light polarization to various state variables of materials and lead
to a plethora of intriguing physical phenomena.
The most intuitive example of such an angular momentum transfer is the light
propagation in a birefringent dielectric. The continuous evolution of light polar-
ization along the propagation direction implies the periodic exchange of angular
momentum between light and the dielectric, and thus a spatially varying torque
applied on the dielectric by light. A theoretical derivation based on the Maxwell
equations, a completely classical theory, reveals that the angular momentum of
a circularly polarized photon in vacuum is quantized to ~, in consistent with the
quantum theory [1]. Because ~ is extremely small, the resulted optical torque is
typically negligible to have any effect on the motion of a macroscopic object. How-
ever, the mechanical effect of light can be dramatically enhanced in nanophotonic
devices, where light is tightly confined at the sub-wavelength scale and the device
size goes down to a few microns or even smaller, enabling the coupling between
light polarization and objects’ rotational degree of freedom [2].
The angular momentum transfer could also manifest itself in the optical tran-
sitions of electrons in either isolated atoms or solids. For an optical transition to
happen, the angular momentum difference in the initial and final electronic states
must be compensated by photons. The required balance in angular momentum of
2
photons and electronic states sets strict rules for certain transitions to be allowed
or forbidden, namely, the optical selection rules. Therefore, when consider a sys-
tem with spin splitting (due to either spin-orbit coupling or Zeeman effect), the
selection rules could couple light polarization to the electron spin in both classical
and quantum regimes, although photons do not interact directly with electron
spin. For example, it has been shown that a spin polarized photocurrent can be
generated in various semiconductors under the homogeneous illumination of cir-
cularly polarized light [3]. In this case, the spin-orbit coupling splits the band spin
degeneracy and the resulted optical transitions become asymmetric in momentum
space and thus spin-dependent. The information of light helicity is encoded in the
optically induced spin orientation. Notably, same physics rules the reverse pro-
cess such that the electron spin injection into a semiconductor light emitting diode
could lead to a circularly polarized light emission [4]. Furthermore, the coupling of
photons with electron spin can be extended to the quantum regime when consider
the interaction between single photons with quantum emitters (quantum dots,
defect states etc), providing an efficient interface for the quantum information
processing and conversion between optical and electronic domains [5].
1.2 Dissertation Outline
This dissertation studies the phenomena of angular momentum transfer during
the process of light-matter interaction, with a focus on the roles of photon spin
and electron spin. Experiments performed in three different systems are presented
as follows:
Chapter 2 presents the measurement of spin angular momentum of light prop-
agating in a silicon waveguide and the use of optical torque to actuate rotational
3
motion of an on-chip optomechanical device. We show the optical torque can be
determined by the optical polarization states that are synthesized on the chip.
The quantitative measurement on the optical torque reveals that the spin angular
momentum carried by a single photon is on the order of ~.
Chapter 3 discusses the optical manipulation of surface electrons in 3D topo-
logical insulator Bi2Se3. Because of the optical selection rules, circularly polarized
light can preferably excite the interband transitions between surface states and
bulk states with their spin aligned to the optical spin. As a result, the selective
optical excitation in momentum space induces a net spin-polarized photocurrent
originates from surface bands with its sign being determined by light helicity.
Furthermore, we present an novel optoelectronic device that integrates a TI with
a silicon waveguide. Due to the spin-momentum locking in both photons and sur-
face electrons, the device converts the path information of light into a directional
photocurrent in TI.
Chapter 4 discusses the all-optical manipulation of magnetic order in ferri-
magnetic materials Gd(FeCo) using sub-picosecond laser pulses as the ultrafast
stimuli. The demonstrated switching process relies on the instantaneous heating
of the electronic temperature and the energy and angular momentum exchange
between three thermodynamic reservoirs (electron, spin and lattice). As a step to-
wards device application, we demonstrate the first magnetic tunnel junction that
can be switched all-optically without any external magnetic fields.
Chapter 5 summarizes the work presented in this dissertation along with the
discussion on future studies.
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Chapter 2
Measurement of Optical Spin
Angular Momentum and Optical
Torque in Integrated Photonic
Devices
2.1 Introduction
Photons carry both linear momentum and angular momentum, which are con-
nected respectively to the two fundamental degrees of freedom of light: frequency
ω and polarization. For example, for a single photon in vacuum, the linear mo-
mentum is given by ~ω/c, where c is the speed of light. In contrast, its spin
angular momentum depends only on light polarization state: ±~ for right/left-
handed circular polarization and is independent of ω. As a direct consequence
of conservation laws, during light-matter interaction, there is linear and angular
momentum transfer of photons to atoms and macroscopic objects, which gives
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rise to optical force and torque, respectively [6]. However, the force and torque
applied by light are extremely feeble because the linear and angular momentum
of a single photon is so tiny (~ is small and c is large), set great challenges to
measure.
Historically, optical force (or radiation pressure force) was first predicted by
Maxwell and then experimentally observed in 1901 [7,8]. The first observation of
optical torque effect was carried out by R. A. Beth in 1930s [1], three decades after
the first measurement of radiation pressure. Beth’s classic experiment was based
on Poynting’s prediction that circularly polarized light should exert a torque on
a half waveplate when passign through it, which changes the output light helicity
(as shown in Fig. 2.1). In the experiment, a half waveplate was suspended on a
quartz fiber and formed a torsional pendulum. Based on the fact that a right (left)
circularly polarized photon carries spin angular momentum of ±~, conservation of
angular momentum requires each photon to transfer (receive) angular momentum
of 2~ to (from) the waveplate and thus twist it. By detecting the rotation of the
waveplate, Beth observed the optical torque and confirmed the angular momentum
of light predicted by theory.
The mechanical effects of light can be significantly enhanced in micro- and
nanophotonic devices [9–12], in which light is tightly confined to the subwave-
length scale, leading to unprecedented optomechanical effects in both classical
and quantum regimes. For example, there has been an explosion of interest in
exploring the interaction between light and motional devices mediated by radi-
ation pressure in various platforms over the last several years [13–16], with the
most notable achievement being the backaction cooling of cavity optomechanical
systems to the quantum ground state [16, 17]. However, the other essential me-
chanical attribute of light, the angular momentum of light, has only been utilized
6
Figure 2.1: Polarization conversion in a half waveplate.
in optical tweezers [18,19] and remained unexplored in integrated optomechanical
systems.
The spin angular momentum of light is important in that it directly relates
to light polarization, which is an essential state variable in both classical and
quantum information processing [20–22]. In integrated photonic devices, the po-
larization state of light is frequently manipulated so that the angular momentum
exchange between photons and devices is ubiquitous [23, 24]. Understanding and
using photon angular momentum-induced mechanical effects should have impor-
tant implications for these areas and spawn new principles of operation.
2.2 Theory of optical torque in silicon waveguide
In our experiment, instead of using a half waveplate, we consider a rectangular
silicon waveguide, which supports two modes, designated as transverse electric
7
(TE) and transverse magnetic (TM) mode, resembling the two orthogonal polar-
izations of a plane wave in vacuum. The two modes are quasi-linearly polarized
with the major electric field components in x and y axis, respectively (we as-
sume z axis is the direction of light propagation). Unlike the half waveplate made
of an anisotropic material, the rectangular waveguide made of isotropic material
such as silicon can have particularly strong birefringence, because of its geometric
anisotropy. As a result, when the two modes are co-propagating in the waveguide
with equal power, the relative phase ϕ between the two modes is a function of
z and thus light polarization continues to evolve along the waveguide (Fig. 2.3).
For example, the polarization state is quasi-linear when ϕ = 0 or pi, and it is
quasi-right (left) circular when ϕ = ±pi/2. Like the waveplate situation, accom-
panying the evolution between linear, elliptical, and circular polarization states
is the angular momentum exchange between light and waveguide. As a result,
the photons apply an optical torque pointing in the z axis on the birefringent
waveguide to twist it.
Figure 2.2: Electric field intensity and local polarization of (a) TE and (b)
TM modes in a silicon waveguide suspended in air. The waveguide dimension is
400× 340 nm.
8
Figure 2.3: The polarization state of a hybrid mode in a silicon waveguide evolves
from quasi-linear to quasi-circular and return to quasi-linear periodically along the
propagation. The horizontal (vertical) plane plots the Ex (Ey) components of the
TE (TM) mode.
2.2.1 Linear optical torque density
The total optical torque T (l) applied on a section of waveguide with length l
should be the integration of the time-averaged, local linear torque density τ(z)
(torque per unit length), which varies along the waveguide as the polarization
state evolves and can be expressed as
〈τ(z)〉 = −Φ∂zSe(z) (2.1)
9
where 〈...〉 denotes time averaging, Φ = P/~ω is the photon flux and Se is the
effective spin angular momentum per photon in the waveguide. The principle is il-
lustrated in Fig. 2.3. In more detail, when the light of arbitrary polarization state
propagates along the waveguide, the electromagnetic fields generate a distributed
force f(x, y, z), hence a distributed torque τ(x, y, z) inside the waveguide. The
integration of this distributed torque over the waveguide cross section yields the
linear torque density τ(z). As will be shown later, in the case of two orthogonal
modes co-propagating in a dielectric waveguide, the amplitude of linear torque
density τ(z) is related to light polarization (in other words, τ(z) is a function
of PTE, PTM , and ϕ(z)). This correlation between optical torque and light po-
larization manifests the transfer of photon spin angular momentum to dielectric
media.
In general, the force exerted by electromagnetic fields on dielectric media
during light-matter interaction includes dipole [6] and electrostrictive contribu-
tions [25]. Therefore, in the calculations of Se(z) and 〈τ(z)〉, the two distinct
mechanisms must be evaluated accordingly as we approached below
〈τ(z)〉 = 〈τ d(z)〉+ 〈τ es(z)〉 = −Φ(∂zSde + ∂zSese ) (2.2)
2.2.2 Dipole contribution
The optical torque density that arises from dipole force on linear dielectric media
can be written in the general form as [6]
τ(r) = r× [(P · ∇)E + ∂tP×B] + P× E (2.3)
where P is electric polarization. For isotropic medium such as silicon, the con-
tribution from the internal torque P× E vanishes, as E and P are parallel. Fur-
thermore, assuming optical modes with time dependence e−iωt, the time-averaged
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force associated with the magnetic fields ∂tP × B also vanishes. The only non-
vanishing term (P · ∇)E needs to be treated with caution at dielectric interfaces
where the normal components of E and P are discontinuous. Therefore, we eval-
uate the torque in Eq. 2.3 inside the bulk material and at the dielectric interfaces
separately as follows.
The total bulk contribution is obtained by integrating Eq. 2.3 over the volume
inside the dielectric medium, where both E and P are continuous
Td,bulk =
∫
r× (P · ∇)Ed3x = 1
2
ε0(ε− 1)
∫
r×∇(E · E)d3x (2.4)
where ε is the dielectric constant and we employed following identity and dropped
the term involving magnetic fields,
(E ·∇)E = 1
2
∇(E ·E)−E× (∇×E) = 1
2
∇(E ·E) + E× ∂tB = 1
2
∇(E ·E) (2.5)
Therefore, the time-averaged torque along waveguide direction (z axis) is
〈
Td,bulk
〉
=
1
4
ε0(ε− 1)
∫
[x∂y(E · E∗)− y∂x(E · E∗)]d3x (2.6)
Now we consider two lowest waveguide modes with quasi-TE and TM polar-
ization are co-propagating along z direction. The complex electric fields in the
waveguide can be written as the sum of the two modes
E = ETE(x, y)e
ikTEz + ETM(x, y)e
ikTMz−iϕ0 (2.7)
where kTE and kTM are the wave vectors of each mode and ϕ0 is the relative phase
at z = 0. With Eq. 2.7 it can be easily verified that the E · E∗ term in Eq. 2.6
consists of four components
E · E∗ = ETE · E∗TE + ETM · E∗TM + ETE · E∗TMeiϕ(z) + ETM · E∗TEe−iϕ(z) (2.8)
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where ∆k = kTE− kTM and ϕ(z) = ∆kz+ϕ0. Note the first two terms in Eq. 2.8
account for the contributions due to TE and TM mode alone, whereas the cross
terms are non-vanishing only when the two modes are both present. Due to the
symmetry of the field distributions, the net torque induced by TE and TM modes
alone should vanish and hence only the cross terms contribute. Thus Eq. 2.6 can
be further written as
〈
T d,bulk
〉
=
1
4
ε0(ε− 1)
∫
[x∂y(ETE · E∗TM)− y∂x(ETE · E∗TM)]dxdy
∫
eiϕ(z)dz + c.c
(2.9)
We can always set the phase of the two eigenmodes in such a way that the two
transverse electric field components (Ex, Ey)TE,TM in Eq. 2.9 are real while the
longitudinal components are imaginary. Therefore, Eq. 2.9 can be written as
〈
T d,bulk
〉
=
∫
{ε0(ε− 1)
2
cos (ϕ)
∫
[x∂y(ETE · E∗TM)− y∂x(ETE · E∗TM)]dxdy}dz
=
∫ 〈
τ d,bulk(z)
〉
dz
(2.10)
where the linear torque density
〈
τ d,bulk(z)
〉
can be obtained as
〈
τ d,bulk
〉
=
ε0(ε− 1)
2
cos (ϕ)
∫
[x∂y(ETE · E∗TM)− y∂x(ETE · E∗TM)]dxdy (2.11)
We normalized the field amplitudes to the mode powers such that e = E/
√
P =
E/a, then Eq. 2.11 is revised to be
〈
τ d,bulk
〉
=
ε0(ε− 1)
2
cos (ϕ)(aTEaTM)
∫
[x∂y(eTE · e∗TM)− y∂x(eTE · e∗TM)]dxdy
(2.12)
Remarkably, Eq. 2.12 predicts that
〈
τ d,bulk(z)
〉
exhibits a sinusoidal depen-
dence on ϕ and is proportional to (aTEaTM), which are closely related to light
polarization in the waveguide. Comparing Eq. 2.12 with Eq. 2.1 shows that
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the effective angular momentum per photon due to the dipole force inside the
waveguide can be written as
Sd,bulke = −ηd,bulk~
2aTEaTM
a2TE + a
2
TM
sin (ϕ) (2.13)
where ηd,bulk is a dimensionless coefficient
ηd,bulk = ε0(ε− 1) ω
4∆k
∫
[x∂y(eTE · e∗TM)− y∂x(eTE · e∗TM)]dxdy (2.14)
which characterizes the (effective) spin angular momentum carried by each photon
in unit of ~ when aTE = aTM. For example, the coefficient η is equal to 1 in
vacuum.
A similar procedure can be applied to evaluate the optical torque exerted
on waveguide surfaces. Consider air-waveguide interface at x = x0 plane, the
derivative of normal electric field component (Ex) with respect to x is a delta
function, which leads to the surface force density
fd,surf = (P · ∇)E = 1
2
ε0(ε− 1)Ex,mat(Ex(x+0 )− Ex(x−0 ))δ(x− x0)xˆ (2.15)
where Ex,mat is the x component of the electric field inside the waveguide and xˆ
is the unit vector towards x axis. Eq. 2.15 accounts for a surface force density
with its direction normal to the interface. The boundary condition for the normal
component of E requires
εEx,mat = Ex,air (2.16)
Therefore, Eq. 2.15 can be rewritten as
fd,surf = (n · xˆ)1
2
ε0(ε− 1)2E2x,matδ(x− x0)xˆ (2.17)
where nˆ is the unit vector towards outside waveguide. The associated torque
exerted on the surface x = x0 is
T d,surf (x0) = −
∫
yfd,surfd3x = −(n · xˆ)1
2
ε0(ε− 1)2
∫
yE2x,mat(x0)dydz (2.18)
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Using complex field expression, the time-averaged torque on surface x = x0 is〈
T d,surf (x0)
〉
=
∫
dz{−n · xˆ1
2
ε0(ε− 1)2 cos (ϕ)
∫
yEx,mat,TE(x0)E
∗
x,mat,TM(x0)dy}
=
∫ 〈
τ d,surf (z)
〉
dz
(2.19)
where
〈
τ d,surf (z)
〉
can be written in terms of the normalized field amplitudes as
〈
τ d,surf (z)
〉
= −(n · xˆ)1
2
ε0(ε−1)2 cos (ϕ)(aTEaTM)
∫
yex,mat,TE(x0)e
∗
x,mat,TM(x0)dy
(2.20)
Eq. 2.20 illustrates that optical torque on waveguide surfaces shows the same
dependence cos (ϕ)(aTEaTM) on light polarization as its bulk counterpart in Eq.
2.12. In comparison with Eq. 2.12 and Eq. 2.14, one can easily obtain surface
linear torque density
〈
τ d,surf (z)
〉
and the corresponding coefficient ηd,surf on sur-
face x = x0. Similarly, the contributions from other surfaces can be evaluated
accordingly. Therefore, the total linear torque density that arises from dipole
force simply reads
〈
τ d(z)
〉
=
〈
τ d,bulk(z)
〉
+
〈
τ d,surf (z)
〉
(2.21)
2.2.3 Electrostriction
For isotropic materials and for cubic crystals (such as silicon), the electrostrictively-
induced stress is related to the optical fields as [25]
〈σeskl 〉 = −
1
4
ε0n
4pijklRe(EiE
∗
j ) (2.22)
where pijkl is the photoelastic tensor. The force density is calculated from the
stress tensor as
〈f esi 〉 = −∂j
〈
σesji
〉
(2.23)
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Similar to the dipole force, due to the discontinuity of 〈σeskl 〉 at the material bound-
aries, 〈f esi 〉 needs to be evaluated inside the material and at the dielectric interfaces
separately. All of the stress components that are related to torque calculation are
listed below
〈σesxx〉 = −
1
4
ε0n
4
(
p11|Ex|2 + p21|Ey|2 + p31|Ez|2
)
= −1
4
ε0n
4
(
p11Ex,TEEx,TM + p21Ey,TEEy,TM + p31Ez,TEEz,TM
)
eiϕ + c.c.〈
σesxy
〉
=
〈
σesyx
〉
= −1
4
ε0n
4p66
(
ExE
∗
y + EyE
∗
x
)
= −1
4
ε0n
4p66
(
Ex,TEEy,TM + Ex,TMEy,TE
)
eiϕ + c.c.
〈σeszx〉 = −
1
4
ε0n
4p55
(
EzE
∗
x + ExE
∗
z
)
= −1
4
ε0n
4p55
(
iEz,TEEx,TM − iEz,TMEx,TE
)
eiϕ + c.c.〈
σesyy
〉
= −1
4
ε0n
4
(
p12|Ex|2 + p22|Ey|2p32|Ez|2)
= −1
4
ε0n
4
(
p12Ex,TEEx,TM + p22Ey,TEEy,TM + p32Ez,TEEz,TM
)
eiϕ + c.c.〈
σeszy
〉
= −1
4
ε0n
4p44
(
EyE
∗
z + EzE
∗
y
)
= −1
4
ε0n
4p44
(− iEy,TEEz,TM + iEy,TMEz,TE)eiϕ + c.c.
(2.24)
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Therefore, the corresponding electrostrictive force and torque density inside the
silicon waveguide are〈
f es,bulkx
〉
= −∂ 〈σ
es
xx〉
∂x
− ∂
〈
σesyx
〉
∂y
− ∂ 〈σ
es
zx〉
∂z
=
1
2
ε0n
4
[ ∂
∂x
(p11Ex,TEEx,TM + p21Ey,TEEy,TM + p31Ez,TEEz,TM)
+
∂
∂y
(p66Ex,TEEy,TM + p66Ex,TMEy,TE)
+ ∆k(−p55Ez,TEEx,TM + p55Ez,TMEx,TE)
]
cos (ϕ)〈
f es,bulky
〉
= −∂
〈
σesxy
〉
∂x
− ∂
〈
σesyy
〉
∂y
− ∂
〈
σeszy
〉
∂z
=
1
2
ε0n
4
[ ∂
∂x
(p66Ex,TEEy,TM + p66Ex,TMEy,TE)
+
∂
∂y
(p12Ex,TEEx,TM + p22Ey,TEEy,TM + p32Ez,TEEz,TM)
+ ∆k(p44Ey,TEEz,TM − p44Ey,TMEz,TE)
]
cos (ϕ)〈
τ es,bulk(r)
〉
= x
〈
f es,bulky
〉− y 〈f es,bulkx 〉
(2.25)
The corresponding electrostrictive force and torque density on the silicon waveg-
uide surface can be expressed in a similar way. The main feature of electrostrictively-
induced linear torque density is the same sinusoidal dependence on ϕ, as shown in
Eq. 2.25. Therefore, a similar set of quantities such as Sese and η
es can be derived
from them.
By summing up the optical torque from dipole and electrostrictive contribu-
tions, we obtained the final expressions for total linear torque density and the
effective spin angular momentum of photon in the waveguide as
τ(z) = −Φ∂zSe = η∆k
ω
(2aTEaTM) cos (ϕ) (2.26)
Se(ϕ) = −η~ 2aTEaTM
a2TE + a
2
TM
sin (ϕ) (2.27)
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where the value of η can be determined numerically.
2.2.4 Numerical calculations
Having derived the expression for the optical torque density resulted from the
two distinct effects, we proceed to calculated the optical torque in a suspended
silicon waveguide. We consider a silicon waveguide with 400 nm in width and 340
nm in height, surrounded by air. Figure 2.4 illustrates the torque density profiles
inside the waveguide when the two modes are in phase (ϕ = 0) and equal in power
(aTE = aTM).
Figure 2.5 depicts the non-vanishing surface torque density on the air-waveguide
interfaces for both dipole and electrostrictive effects due to the discontinuity of
normal electric field and stress tensor across the boundaries.
To explore the dependence of optical torque on waveguide geometry, we cal-
culate the coefficient η for waveguides with various width. As shown in Fig. 2.6,
the effective spin angular momentum η various slightly as the waveguide width
increases. Furthermore, the dipole (ηd) and electrostrictive contribution (ηes) to
the optical torque are of the similar magnitude.
2.3 Torsional cavity optomechanical oscillator
To measure the feeble optical torque and demonstrate the transfer of optical an-
gular momentum, we designed and fabricated a nano-optomechanical device on
silicon-on-insulator wafer. As shown in Fig. 2.7(a), the core element of the device
is a portion of rectangular waveguide that is released from the substrate. The
geometry of the waveguide (400 nm wide and 340 nm high) is designed to have
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Figure 2.4: Simulated torque density distributions inside a silicon waveguide
(bulk contribution) suspended in air. (a) The waveguide geometry is 400 nm wide
and 340 nm high. (b)-(d) Torque density distributions due to (b) dipole force, (c)
electrostrictive force and (d) the sum of the two.
strong geometric birefringence for the fundamental TE and TM modes with effec-
tive index difference ∆n = 0.16. Attached to the waveguide and also suspended
from the substrate is a nanobeam in which two one-dimensional photonic crys-
tal nanocavities [26] are embedded, one on each side. The resonance modes of
the nanocavities are optimized to be particularly sensitive to their distance from
the substrate. Thus, they provide very sensitive detection to the rotation of the
waveguide actuated by the optical torque. One of the nanocavities is coupled
18
Figure 2.5: Simulated surface torque density distributions along waveguide sur-
faces.
to a nearby waveguide. Therefore, the torsional motion of the mechanical see-
saw oscillator is transduced into the shift of the optical resonance peaks, which
can be read out through the coupling waveguide. Such an optomechanical os-
cillator with simultaneously high mechanical and optical quality factors enables
ultra-high measurement sensitivity and is the key for the following optical torque
measurement.
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Figure 2.6: Simulated coefficient η for waveguides with various width and fixed
height of 340 nm.
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Figure 2.7: Torsional optomechanical oscillator. (a) SEM image of the suspended
waveguide-nanobeam structure. (b) Simulated optical mode profile of the photonic
crystal nanocavity. Scale bar, 2 µm.
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2.3.1 Effective torsional simple harmonic oscillator model
We use Finite Element Method (COMSOL Multiphysics) to simulate the mechan-
ical resonances of the waveguide-nanobeam structure. In the simulation, the two
ends of the waveguide are clamped while the nanobeam hinged on the waveguide
is free to rotate. Four prominent mechanical modes are revealed with the resonant
frequencies below ∼ 1 MHz. They are, with increasing frequency, the out-of-plane
torsional mode, out-of-plane flapping mode, in-plane torsional mode, and in-plane
flapping mode. Figure 2.8 shows the simulated mechanical mode profiles of the
waveguide-nanobeam structure. The resonance frequencies of the four mechanical
modes for various suspended waveguide lengths are summarized in Table. 2.1.
Figure 2.8: Simulated mechanical mode profiles of the suspended silicon
waveguide-nanobeam structure. (a) Fundamental (first order) out-of-plane tor-
sional (anti-symmetric) mode. (b) Fundamental (first order) out- of-plane flap-
ping (symmetric) mode. (c) Fundamental (first order) in-plane torsional (anti-
symmetric) mode. (d) Fundamental (first order) in-plane flapping (symmetric)
mode.
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l µm 9.0 10.5 12 13.5 15 16.5 18
OT (kHz) 378.6 362.6 348.2 335.3 323.9 313.5 304.0
OF (kHz) 497.8 497.5 497.0 496.4 495.6 494.6 493.5
IT (kHz) 911.3 886.2 862.0 838.9 817.1 796.5 777.2
IF (kHz) 1040.6 1040.6 1040.6 1040.6 1040.6 1040.6 1040.6
Table 2.1: Simulated four lowest mechanical resonances for devices with various
suspended waveguide lengths l. O, out-of-plane; I, in-plane; T, torsional mode; F,
flapping mode.
In the following optical torque measurement, we will only focus on the fun-
damental out-of-plane torsional mode (Fig. 2.8(a)), in which the waveguide un-
dergoes pure torsional motion with its two ends fixed while the nanobeam tilts
with it. This fundamental mechanical mode can be modeled as a torsional simple
harmonic oscillator (SHO), whose equation of motion is
Ie∂
2
t θ(t) +
√
Ieκe
Q
∂tθ(t) + κeθ(t) = Te(t) (2.28)
where θ(t) is the instantaneous mode displacement in terms of rotation angle, Ie
is the effective moment of inertia, κe is the effective torsional spring constant, Q is
the mechanical quality factor, and Te(t) is the effective driving torque. Note that
the definition of θ(t) in the equation of motion can be arbitrary as the rotation
angle at each point on the waveguide-nanobeam structure varies (for example, θ(t)
is maximum at z = 0 and decreases to 0 at the two fixed ends). Nevertheless, we
choose to define as the rotation angle at the center of the nanobeam. Furthermore,
Ie, κe and the mode frequency f0 can be calculated using
Uk(t) =
1
2
Ie(∂tθ)
2
Up(t) =
1
2
κeθ
2
f0 =
√
κe/Ie
2pi
(2.29)
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where Uk(t) and Up(t) are, respectively, the simulated instantaneous kinetic and
potential energy. The simulated parameters of the effective torsional SHO are
summarized in table 2.2.
l µm 9.0 10.5 12 13.5 15 16.5 18
Ie( ng · µm2) 30.63 24.84 21.09 18.51 16.65 15.25 14.16
κe (pN · µm · µrad−1) 173.3 128.9 101.0 82.19 68.95 59.17 51.66
f0 (kHz) 378.6 362.6 348.2 335.3 323.9 313.5 304.0
Table 2.2: Simulated parameters of the effective torsional simple harmonic oscil-
lator.
2.3.2 Calibration of system’s measurement sensitivity
In thermal equilibrium, the mechanical oscillator is in Brownian motion (thermal
fluctuation) and the measurement of the thermomechanical noise in frequency do-
main can be utilized to calibrate the system’s measurement sensitivity [27]. In
the section we will derive how the power spectral density (PSD) of the thermo-
mechanical noise is related to the mechanical properties of the torsional simple
harmonic oscillator (spring constant κe, moment of inertia Ie, damping coefficient
C, etc.).
In a real experiment, we can only measure the rotation of a torsional mechan-
ical oscillator θ(t) within a finite time interval T . We define the gated Fourier
transform of θ(t) as [13]
θ(ω) =
1√
T
∫ T
0
θ(t)eiωtdt (2.30)
and the power spectral density Sθθ =
〈|θ(ω)|2〉 as the average of |θ(ω)|2 over
many independent measurements. Moreover, according to the Wiener-Khinchin
theorem, the power spectral density is related to the Fourier transform of the
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correlation function Rθθ(t) = 〈θ(0)θ(t)〉 as
Rθθ(0) =
〈
θ2(t)
〉
=
1
2pi
∫ ∞
−∞
Sθθ(ω)dω (2.31)
We note the expected value of the potential energy of the harmonic oscillator
〈Up(t)〉 is half of its total energy and can be written as
〈Up(t)〉 =
〈
1
2
κeθ
2(t)
〉
=
1
2
~ω0
e~ω0/kBT − 1 (2.32)
where ω0 is the angular frequency of the mechanical resonance of interest, kB is
the Boltzmann constant and T is the lab temperature. In the low energy limit
(~ω0  kBT ), Eq. 2.32 can be further simplified as
〈Up(t)〉 =
〈
1
2
κeθ
2(t)
〉
=
1
2
kBT (2.33)
Substituting Eq. 2.31 into Eq. 2.33 yields
1
2
kBT =
1
2
κeRθθ(0) =
κe
4pi
∫ ∞
−∞
Sθθ(ω)dω (2.34)
We assume the driving torque Te(t) (right hand side of Eq. 2.28) due to thermal
excitation is a white noise with a constant power spectral density STT (ω) = σ
2 ,
therefore, the power spectral density of θ(t) can be written as
Sθθ(ω) = |H(ω)|2 STT (ω) = σ
2
(κe − ω2Ie)2 + ω2C2 (2.35)
where H(ω) = 1
(κe−ω2Ie)2+ω2C2 is the transfer function and C =
√
Ieκe
Q
is the damp-
ing coefficient of the harmonic oscillator. Substituting Eq. 2.35 back into Eq.
2.34, we have
1
2
kBT =
κeσ
2
4pi
∫ ∞
−∞
1
(κe − ω2Ie)2 + ω2C2dω =
κeσ
2
4ω20CIe
(2.36)
where we have used the following equation that holds when the damping coefficient
is small ∫ ∞
−∞
1
(κe − ω2Ie)2 + ω2C2dω =
pi
ω0CIe
(2.37)
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Thus, from Eq. 2.36, the PSD of the thermal excitation σ2 is
σ2 = 2kBTC (2.38)
Substituting Eq. 2.38 back into Eq. 2.35 gives the expression for Sθθ(ω) in terms
of the characteristics of the mechanical oscillator
Sθθ(ω) =
2kBTC
(κe − ω2Ie)2 + ω2C2 (2.39)
In our experiment, the rotation of the nanobeam is transduced by the coupling
waveguide and the photodetector into a voltage signal V (t) and measured by a
spectral analyzer (SA). We define the transduction factor G such that
V (t) = Gθ(t) (2.40)
The transduction factor G is determined by the optomechanical coupling of the
nanocavity, the optical resonance line shape etc. Therefore, the PSD measured
by the SA is
SV V (ω) = G
2
kBT√
IeκeQ
(ω − ω0)2 + ( ω02Q)2
(2.41)
which is used for the curve fitting to obtain f0, Q and G.
2.3.3 Effective torque
When an arbitrary time-varying external force density f(r,t) is applied on the
structure, the effective driving torque Te(t) on the right hand side of the equation
of motion (Eq. 2.28) should be calculated as the overlap integral between f(r, t)
and un(r, t) [13,28], where un(r, t) is the normalized mechanical mode profile. In
our case, f(r,t) is exerted by the guided optical modes inside the waveguide, hence
is negligible inside the nanobeam. Therefore
Te(t) =
∫
waveguide
f(r, t) · un(r)d3x (2.42)
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Because the waveguide undergoes pure torsional motion,
un(r) ≈ (zˆ× r)θn(z) (2.43)
where θn(z) is the normalized rotation angle of the waveguide. Therefore, the
effective torque can be written as
Te(t) ≈
∫
waveguide
f(r, t) · (zˆ)× r)θn(z)d3x =
∫
waveguide
τz(r, t)θn(z)d
3x (2.44)
which can be further simplified as
Te(t) ≈
∫ [ ∫
τz(r, t)dxdy
]
θn(z)dz ≈
∫
τ(z, t)θn(z)dz (2.45)
In order to derive a closed-form expression for Te(t), we approximate the waveguide
cross-section as a perfect rectangular waveguide with a constant size. Therefore,
substituting Eq. 2.26 for τ(z, t) yields
Te(t) ≈ η(∆k/ω)(2aTEaTM)
∫ l/2
−l/2
cos (ϕ(z, t))θn(z)dz (2.46)
and l is the total suspended waveguide length.
In our experiment, we sinusoidally modulate ϕ(z, t), so we explicitly express
its time-dependence in Eq. 2.46 and in the following derivations. Note ϕ(z, t) =
ϕ0(t) + ∆kz, the integrand in Eq. 2.46 can be expanded as
cos (ϕ0(t)) cos (∆kz)θn(z)− sin (ϕ0(t)) sin (∆kz)θn(z) (2.47)
where the first term is an even function of z, while the second term is an odd
function of z, hence has no contribution to the integral, because θn(z) is an even
function. Consequently the expression for Te(t) can be further simplified as
Te(t) ≈ Tm cos (ϕ0(t)) (2.48)
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where
Tm = η(∆k/ω)(2aTEaTM)2
∫ l/2
0
cos (∆kz)θn(z)dz (2.49)
Therefore, the effective torque Te changes sinusoidally with ϕ0 and reaches extrema
when ϕ0 is equal to 0 or pi. The maximal effective torque Tm depends on the
waveguide length and birefringence. To further simplify the expression of Tm, we
approximate θn(z) as a triangular function
θn(z) ≈
1− |2z/l| when |z| < l/20 otherwise (2.50)
By substituting Eq. 2.50 into Eq. 2.49, we solve the integral by parts and obtain
the final closed-form expression of Tm as
Tm ≈ η2aTEaTM
ω
[
2 sin2 (∆k/4)
∆kl/4
]
= −Sepi
2
Φ
[
2 sin2 (∆k/4)
∆kl/4
]
(2.51)
where Se and Φ are the effective photon spin angular momentum and the photon
flux defined previously.
2.4 Controlling optical torque through synthesis
of light polarization state
As derived previously, the transfer of spin angular momentum and the resulted
optical torque effect can be understood as the variation of light polarization along
its propagation in the waveguide. Therefore, both the sign and the magnitude
of the optical torque can be controlled by varying light polarization inside the
waveguide, namely the power ratio between TE and TM modes as well as their
relative phase (aTE, aTM, ϕ), as suggested by Eq. 2.26. This is achieved with the
on-chip peripheral photonic circuits (Fig. 2.9(a)) and off-chip setup. Figure 2.9
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shows the schematics of the experiment setup and device layout. The TE and
TM modes are both derived from the same laser source with their power ratio
controlled by a fiber polarization controller (FPC1). The sinusoidally varying
phase is applied through an electro-optic modulator (EOM), after which the two
modes are separated into two optical paths by a fiber polarization beam split-
ter (PBS) and then coupled into silicon waveguide through TE and TM grating
couplers (GCs), respectively. Since accurate control of the relative phase is cru-
cial in our experiment, we also fabricated an on-chip interferometer next to the
GCs to monitor the relative phase ϕI, the output of which was utilized as the
feedback to compensate any low frequency phase fluctuations introduced in the
optical fibers due to small temperature variation in the environment. Although
the actual difference between ϕI and ϕ0 cannot be practically predetermined by
design, the difference ϕ0 − ϕI remains consistent for any single device at a stabi-
lized temperature. Therefore, the one-to-one correspondence between ϕ0 and ϕI
allows the measurement of phase dependence of the optical torque in the waveg-
uide. Figure 2.9(b) is a representative transmission spectrum of the photonic
crystal nanocavities through the side-coupled waveguide, showing the resonance
of the nanocavity with a loaded (intrinsic) quality factor of 4200 (23,000). To
avoid air damping, the sample was placed in the vacuum chamber with a pressure
below 10−4 torr. All measurements were performed at room temperature with the
temperature fluctuation less than ±0.2 K.
2.5 Optical torque modulation and measurement
To measure the optical torque, we employed the resonance method similar to
Beth’s original experiment but in a modern fashion, by modulating the optical
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Figure 2.9: Schematics of the experimental setup and device layout. (a) Op-
tical microscope image of the integrated photonic device include the suspended
waveguide-nanobeam structure (in the red box) and the interferometer with a
TE-to-TM mode convertor (in the white box) for phase stabilization. Scale bar,
100 µm. (b) Optical transmission spectrum of the photonic crystal nanocavity. (c)
Schematics of the measurement system. FPC, fiber polarization controller; EOM,
electro-optic modulator; PBS, polarization beam splitter; BS, beam splitter; PD,
photodetector; VOA, variable optical attenuator; φ(T ), fiber thermo-optic phase
shifter.
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torque to excite the resonant motion of the nanobeam hinged on the waveguide.
When performing resonance measurement, the electro-optic modulator is driven
by a network analyzer to sinusoidally modulate the phase ϕ0 by a small amplitude
δϕ0 and thus generate a dynamic effective torque
δTe cos (Ωt) = −Tm sin (ϕ0)δϕ0 cos (Ωt) (2.52)
where Ω is the modulation frequency. By performing only phase modulation
and avoiding amplitude modulation, the photothermal effect is minimized [15,
29, 30]. Additionally, the structural symmetry of the device and the large gap
between the waveguide and the substrate eliminate the “light-pressure torque”
effect [1], although a small residual amplitude modulation might remain because
of instrumental nonideality.
2.5.1 Mechanical characteristics of torsional optomechan-
ical device
To characterize the mechanical properties of the suspended optomechanical oscil-
lator and calibrate system’s sensitivity, we measured the thermomechanical noise
PSD for devices with various suspended waveguide lengths. In the experiment, the
pump laser is off and the probe laser is sufficiently attenuated to avoid dynamic
cavity optomechanical backaction and optimally detuned from the nanocavity res-
onance to transduce the torsional motion [31]. Figure 2.10(a) shows the noise PSD
measured from the transmitted probe laser power for a representative device with
l = 10.5 µm. Four mechanical resonance peaks due to the thermomechanical exci-
tations are observed, with the peak at 358.7 kHz corresponding to the fundamental
torsional mode (Fig. 2.10(d)), showing a mechanical quality factor of 12,000. The
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measured fundamental resonance frequencies of seven devices with various waveg-
uide lengths l (9.0, 10.5, 12.0, 13.5, 15.0, 16.5, and 18.0 µm) are summarized in
Fig. 2.10(c). The results agree well with the simulation results (purple line) using
an elasticity matrix for silicon that is 19% lower than the typical value for bulk
silicon (red line) [32].
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Figure 2.10: Mechanical characteristics of the waveguide-nanobeam optomechan-
ical oscillator. (a) Measured noise PSD to calibrate the system sensitivity. The
observed four prominent peaks correspond to the fundamental out-of-plane tor-
sional mode, out-of-plane flapping mode, in-plane torsional mode and in- plane
flapping mode with increasing frequencies. (b) Zoon-in view of the fundamental
torsional mode with the resonance frequency of 358.7 kHz and a quality factor of
12,000. (c) The fundamental torsional resonance frequencies for devices with vari-
ous suspended waveguide lengths. (d) Simulated mode profile of the fundamental
torsional mode. Also plotted in yz plane is the angular mode profile θn(z) and its
overlap integral with the linear optical torque density τ(z).
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2.5.2 Phase dependence
We first measure the phase dependence of the optical torque by varying ϕ0 while
keep other parameters such as δϕ0 and laser power (PTE = PTM , P = PTE +
PTM = 95 µW) being constant. The quadrature components of the response from
a representative device with l = 10.5 µm are plotted in Fig. 2.11(a), showing the
fundamental torsional mode is excited by the optical torque. In particularly, the
data measured for six different values of ϕ0 reveals that both the magnitude and
the sign of the response depend on ϕ0. Moreover, from the response for each value
of ϕ0, δTe/δϕ0 is calculated and plotted in Fig. 2.11(b), showing a clear sinusoidal
dependence as predicted by −Tm sin (ϕ0) term in Eq. 2.52. The value of Tm can
also be extracted from Fig. 2.11(b).
Figure 2.11: Dependence of optical torque on the relative phase. (a) The quadra-
ture components of the responses of the device with l = 10.5 µm for various ϕ0.
The total optical power in the waveguide is kept at 95 µW with PTE = PTM. (b)
Measured effective driving torque over the phase modulation δTe/δϕ0 depends
sinusoidally on the phase ϕ0.
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2.5.3 Power and waveguide length dependence
To further confirm the observed optical torque is due to the interplay of the two
orthogonal optical modes, we vary the ratio between PTE = a
2
TE and PTM = a
2
TM
while keep the total power P = PTE + PTM = 95 µW. The measured Tm for
two devices with different waveguide lengths (l = 9 and 10.5 µm) exhibits similar
semicircular dependence on PTE/P as shown in Fig. 2.12(a), which agrees with Eq.
2.51. This result agrees with our expectation that either TE or TM mode alone
(PTE/P = 1 or 0) should not generate optical torque, as the light polarization is
invariant along the propagation and thus no angular momentum transfer between
light and waveguide.
Figure 2.12: Dependence of optical torque on optical power. (a) The maximal
torque Tm shows a semicircular dependence on the ratio PTE/P with total optical
power fixed for two devices with l = 10.5 µm (purple) and 9 µm (red). (b) For the
same two devices, the maximal torque Tm linearly depends on optical power when
P is below 100 µW and it deviates from linear dependence for higher power.
With the same two devices, we also measure the dependence of Tm on the
total optical power P with PTE = PTM. Surprisingly, the optical torque Tm
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deviates from linear dependence on optical power when P is above 100 µW, as
shown in Fig. 2.12(b). This nonlinear power dependence cannot be explained by
our theory, as all effects considered in the preceding analysis are linear in optical
power. Control experiments have been performed to rule out the typical Duffing
mechanical nonlinearity in the measurement. Further investigation is required to
resolve the origin of the nonlinear behavior observed here. However, the observed
nonlinear behavior does not affect the results obtained in the linear regime.
Finally we measure the dependence of Tm on the suspended waveguide length
with fixed total optical power and power ratio (PTE = PTM ). The result plotted
in Fig. 2.13 is fitted using Eq. 2.51 with η and ∆n as free parameters, showing
a good agreement with the theory. The value of ∆n obtained from the fitting
is 0.18, which is very close to the designed value of 0.16. The η obtained is
2.2± 1.0, implies the effective spin angular momentum carried by each photon in
the waveguide is (2.2±1.0)~. Therefore, the calculated value of 1.5~ is within the
measurement uncertainty of the experiment.
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Figure 2.13: Dependence of optical torque on suspended waveguide length. The
solid line is the fitting using Eq. 2.51.
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2.6 Conclusion
Our experiments present the first unambiguous measurement of optical spin angu-
lar momentum and optical torque in integrated photonic devices. We have shown,
both in theory and experiment, that the induced optical torque in waveguide is
a direct consequence of change in light polarization state due to the geometric
birefringence of the waveguide, which can be rationally engineered to enhance the
effect. These designs can be achieved in other nanophotonic structures such as
plasmonic devices, metasurfaces, and metamaterials to generate even more pro-
found effects [33]. Furthermore, because the photon angular momentum only
depends on light polarization and is independent of waveguide, the optical torque
effects is universal over a broad spectral band, providing great leeway for engi-
neering. In addition to spin angular momentum, photons can also have orbital
angular momentum [34], and optomechanical effects arising from the spin-orbit
interactions of light in nanophotonic systems [35] will be even more intriguing.
Exploiting optical torque and optomechanical interaction with photon angular
momentum can lead to efficient all-optical excitation and transduction of torsional
nanomechanical devices with applications such as optomechanical gyroscopes [36]
and torsional magnetometry [37,38].
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Chapter 3
Spin-Momentum Locked
Interaction between Guided
Photons and Surface Electrons in
Topological Insulators
The propagation of electrons and photons can respectively have the spin-momentum
locking effect which correlates the spin with the linear momentum. For the surface
electrons in three-dimensional topological insulators (TIs), their spin is locked to
the transport direction. For photons in optical fibers and photonic waveguides,
they carry transverse spin angular momentum which is also locked to the propaga-
tion direction. A direct connection between the electron and photon spins occurs
in TIs with lifted spin degeneracy, which leads to spin-dependent selection rules of
optical transitions and results in phenomena such as circular photogalvanic effect
(CPGE). In this chapter, we study the optical manipulation of surface electronic
states in TIs at room temperature using circularly polarized light through the
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circular photogalvanic effect. We also demonstrate an optoelectronic device that
integrates a TI with a photonic waveguide. Interaction between the photons in
the waveguide mode, which carries transverse spin angular momentum, and the
surface electrons in a Bi2Se3 layer generate a directional, spin-polarized photocur-
rent. Because of optical spin-momentum locking, the device works in a novel way
such that changing the light propagation direction reverses the photon spin and
thus the direction of the photocurrent in TI. This novel device provides a direc-
tional interface that directly converts the information of light propagation path
to the direction and spin polarization of the photoexcited surface current in TI.
3.1 Introduction to topological insulators
3.1.1 Topological classification of materials
The idea of using topological index to classify materials can be traced back to
the integer quantum Hall effect (IQHE) in 1980s [39], where a two-dimensional
free electron gas is subject to a strong perpendicular magnetic field at low tem-
perature. In an IQH phase, the Hall conductance is quantized to an integer value
that is characterized by a topological index [40], the Chern number, defined as
the integral of the Berry curvature [41] over the two dimensional Brillouin zone.
The measurement uncertainty of the quantized Hall conductance is remarkably
small (on the order of 10−9) even for macroscopic-size samples with disorders [42],
which is very unusual for typical condensed matter experiments where things like
impurities play important role. The physical reason underlies the accurate mea-
surement is the chiral edge states developed at the sample edges that are immune
to any back-scatterings or localization by impurities in the sample. Later on,
Haldane proposed a theoretical model, showing that the IQH phase could also be
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implemented in a honeycomb lattice with zero net magnetic flux passing through
each unit cell and yet produce similar chiral edge states, known as the Haldane
model [43]. However, the fundamental physics in the Haldane model is the same
as the IQH phase: there are nonzero Chern numbers associated with the isolated
electronic bands due to the breaking of time reversal symmetry.
It is until recent years people had realized that, similar to the Chern number
introduced in the IQHE, in the presence of certain symmetries, other types of
topological invariants can be defined to classify different gapped material systems.
In this sense, insulators with nontrivial (nonzero) topological invariants refer to
symmetry-protected topological insulators. For example, the most widely explored
two-dimensional topological insulators are the time-reversal-symmetry protected
topological insulators (or Z2 topological insulators) that are classified with the
so called Z2 topological invariant [44]. Here, the Z2 topological invariant can be
either even or odd (0 or 1). Unlike the IQH phase, the Z2 topological phase relies
on time reversal symmetry and will be destroyed if the T symmetry is broken.
One of the most extraordinary consequences of having distinct gapped topo-
logical phases is the emergence of metallic/gapless boundary states at the interface
of different topological phases (edge states for 2D systems and surface states for
3D systems), which is known as bulk-boundary correspondence [45]. This can
be understood as the bulk topological index is a quantized number and cannot
be changed by adiabatically deforming the bulk Hamiltonian. The change of
the topological index across the materials interface can only be achieved through
phase transition by closing and reopening the bandgap. Therefore, the existence
of gapless boundary states is ensured by the topology of the bulk band structures
and is independent of the detailed interface conditions.
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3.1.2 Topological insulators in two and three dimensions
In the following we will briefly introduce the time reversal invariant topological
insulators (topological insulators in short) in 2D and 3D and their realizations in
real material systems.
2D topological insulators: quantum spin Hall effect
The tight-binding model proposed by Haldane considers a single spinless elec-
tron in the presence of a staggered external magnetic field. Therefore, the time
reversal symmetry is broken. In 2005, Kane and Mele showed that a similar (but
distinct) phase can be constructed in a graphene lattice by including the spin
degrees of freedom of electrons, where the external magnetic field is replaced by
spin-orbit coupling [46]. Since the spin-orbit coupling term is T invariant, the
time reversal symmetry is preserved. Furthermore, the spin orbit coupling can
serve as a spin-dependent effective magnetic field when an electron is hopping
between next nearest lattice sites, meaning that spin-up and spin-down electrons
experience an opposite effective magnetic field. Therefore, the Kane-Mele model
is equivalent to two copies of Haldane’s model with opposite magnetic fields for
spin-up and spin-down electrons, respectively. The similarity of these two mod-
els implies that there must be a pair of edge states propagating at the boundary:
electrons with opposite spins propagate in the reverse directions, which are known
as the helical edge states. It can be shown that the helical edge states are topo-
logically protected and are immune to back scattering by finite size impurities at
the boundary as along as the time reversal symmetry is preserved [46]. One can
also show that under an applied electric field, the total Hall conductance is zero as
the contributions from electrons with opposite spins cancel each other. However,
there will develop a pure spin current flowing perpendicular to the electric field
and the spin current conductance is quantized. Therefore, it is named quantum
42
spin Hall effect [46].
Notably, for quantum spin Hall phase, the Z2 topological invariant can be
interpreted as the number of pairs of helical edge states intersecting with the
Fermi energy is even or odd. For example, consider a 1D interface formed between
two distinct insulators, the Kramers theorem requires all edge states at time-
reversal-invariant k points (k = 0 or pi) must be doubly degenerate. The double
degeneracy will be lifted up due to spin-orbit coupling when moving away from
the time-invariant k points. Therefore, two possible phases can be identified based
on how the two degenerate points connected to each other in momentum space, as
shown in Fig. 3.1. In the former configuration, the two double degenerate points
at k = 0 and pi are connected pairwise, which generally results in an energy gap.
In contrast, gapless edge states are developed in the latter case due to the distinct
paring. Compared to the IQH phase, where the edge states are unidirectional,
there are equal number of edge states propagating in opposite directions that are
time reversal pairs of each other in QSHI.
The original proposal of quantum spin Hall effect in graphene is far from
experimental realization because the spin orbit coupling in carbon atoms is too
weak [46]. In 2006, Bernevig et. al. showed that the quantum spin Hall effect
can be experimentally realized in HgTe semiconductor quantum wells [47]. In
particular, when the HgTe quantum well thickness is above the threshold value,
the electronic bands of the HgTe go through a band inversion, which turns the
electronic state into quantum spin Hall phase. One year after the theoretical
prediction, Ko¨nig et al have experimental confirmed the gapless helical edge states
in HgTe quantum wells in the transport measurements [48].
3D topological insulators
The idea of topological insulators can be generalized to 3D, which supports
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Figure 3.1: Energy dispersion between two Kramers degenerate points at k = 0
and pi. (a) The Fermi energy intersects even number of edge states in a trivial insu-
lator, whereas in (b) it is odd in a topologically nontrivial insulator. Reproduced
with permission from [45].
gapless surface states at the 2D interface between two insulators of distinct phases.
The topological invariants in 3D TIs are four Z2 indices (ν0; ν1, ν2, ν3) [49], which
describe how the four time-invariant k points of the 2D Brillouin zone (Dirac
points) are connected. Detailed discussion on the TI theory can be found in the
reference [49–51].
Soon after the theoretical prediction of 3D TIs, its realizations in real materi-
als have been demonstrated experimentally in various materials systems [52, 53],
among which Bi2Se3 is one of the most promising materials due to the large band
gap of 0.3 eV. In particular, the surface states hosted at the Bi2Se3/vacuum inter-
face form a helical Dirac dispersion near the Γ point within the band gap, where
the electron spin is locked perpendicular to its momentum. These exotic trans-
port properties of surface electrons make them an intriguing platform to explore
topological physics and hold promises for practical applications in the fields of
spintronics and topological quantum computing.
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3.2 Circular photogalvanic effect in Bi2Se3
3.2.1 Introduction to circular photogalvanic effect
Spin polarized current can be generated in materials with spin-orbit coupling
under the homogenous irradiation of circularly polarized light without a bias volt-
age [3, 54–56]. The direction and magnitude of the generated current is propor-
tional to the degree of circular polarization of light, meaning that the current flips
direction under the reversal of light helicity and vanishes under the illumination
of linear polarization. This is named circular photogalvanic effect, which has been
extensively studied in bulk semiconductor materials and quantum well systems
with spin-orbit coupling [3]. The microscopic mechanism that underlying the cir-
cular photogalvanic effect can be understood as following: circularly polarized
light excites the interband transitions of electrons from valence band to the above
conduction band. Because of the finite spin angular momentum of circularly po-
larized photons and the lifted spin degeneracy in electron bands, the transition
probability depends on both the electron spin orientations and the helicity of the
incident photons due to the selection rule imposed by angular momentum conser-
vation. As a result, circularly polarized light generates an asymmetric excitation
of electrons in momentum space, which leads to a finite spin polarized current in
real space.
In addition to circular photogalvanic effect, other effects such as linear pho-
togalvanic effect (LPGE) and photon drag effect [3, 57, 58] can also generate a
photocurrent in an unbiased sample. However, in most cases the corresponding
photocurrent is not spin polarized and is independent of light helicity, making
them distinguishable from the circular photogalvanic effect in experiments.
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3.2.2 Symmetry analysis
The form of the photocurrent as a function of light polarization can be obtained
through symmetry analysis, which relies only on the information of crystalline
symmetry. In the following, we give a brief discussion on the photogalvanic effect
from a symmetry argument. More detailed derivations are given in [3, 59, 60].
Assuming the leading term of the dc photoresponse is of the second order in the
complex electric field amplitudes and can, in general, be written as
ji = σijkE
∗
jEk + TijklqlE
∗
jEk (3.1)
where σijk and Tijkl are, respectively, the third and fourth rank complex tensors,
E is the complex electric field and q is the optical wave vector. Microscopically,
the second term takes into account the transfer of linear momentum of photons to
electrons in the light-matter interaction, known as the photon drag effect [3], as
it involves the optical linear momentum q. For simplicity, we will drop the second
term and focus on the first term that is independent of q in the following analysis.
The first important implication of Eq. 3.1 is the photocurrent should vanish in a
materials with spatial inversion symmetry: under spatial inversion operation, ji
changes sign while E∗jEk does not. Therefore, for material such as Bi2Se3 with
bulk inversion symmetry, the measured photocurrent should only be generated
at the sample surface, where the inversion symmetry is broken. Moreover, by
separating the real and imaginary part of σijk, we have
ji = Re(σikj)E
∗
jEk + iIm(σikj)E
∗
jEk (3.2)
By noting that ji is real and comparing Eq. 3.2 with its complex conjugate, we
can conclude that Re(σijk) is symmetric in its last two indices whereas Im(σijk)
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is antisymmetric. Therefore, the photocurrent can be rewritten as:
ji =
1
2
ji +
1
2
j∗i =
1
2
Re(σijk)(E
∗
jEk + EjE
∗
k) +
i
2
Im(σijk)(E
∗
jEk − EjE∗k) (3.3)
Note that the photocurrent contributed from Im(σijk) can be further simplified
using a second rank tensor γip as
jCPGE =
i
2
Im(σijk)(E
∗
jEk − EjE∗k) = iγip(E∗ × E)p (3.4)
where γip =
1
2
Im(σijk). The dependence of jCPGE on E
∗ × E implies that it is
helicity-dependent photoexcitation: photocurrent changes sign for left- and right-
handed circularly polarized light and vanishes for linear polarization. The lattice
symmetry of Bi2Se3 at surface (C3ν) further reduces the number of nonvanishing
tensor elements of γip from 9 to 2, namely γxy = −γyx = γ [59] (here material
interface is in x-y plane). Therefore, the CPGE current can be simplified as
jCPGE = iγ[(E
∗
zEx − E∗xEz)xˆ− (E∗yEz − E∗zEy)yˆ] (3.5)
Eq. 3.5 implies that oblique light incidence (or a finite Ez field) is essential for the
generation of the CPGE current and the induced jCPGE must flow in the transverse
direction perpendicular to the light incidence plane. To see this, we consider a
plane wave E with arbitrary polarization incident in x-z plane and the complex
electric fields can be written as
E =

Ep cos (θ)e
iφ
Es
Ep sin (θ)e
iφ
 e−iωt (3.6)
where Es, Ep, φ are the s and p wave amplitudes and their relative phase, taken
together determine light polarization. Substituting Eq. 3.6 back into Eq. 3.5
yields
jCPGE = 2γEsEp sin θ sinφyˆ (3.7)
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This surface current is flowing in the transverse direction (along y axis) and van-
ishes for normal light incidence (θ = 0).
Similar analysis can be applied to the real part of σijk and reveals that the
corresponding photocurrent jLPGE is independent of light helicity and can have
both transverse and longitudinal components [59]. Therefore, in a real experi-
ment, the contributions from jCPGE and jLPGE can be distinguished by measuring
their dependence on light polarization and the current direction with respect to
light incident plane. Moreover, the dependence of the photocurrent on the crys-
talline orientation may also help to distinguish the contributions from different
mechanisms, as they are related to the photocurrent through tensors of various
rank, which embed the information of crystalline symmetry.
3.2.3 Microscopic model of CPGE in Bi2Se3
The microscopic mechanism that is responsible for the circular photogalvanic ef-
fect in Bi2Se3 can be understood by considering the spin-dependent interband
transitions induced by circularly polarized light. To be concrete, we consider the
illumination of near infrared light (~ω ≈ 0.8 eV) on a heavily n-doped Bi2Se3
sample, as shown in Fig. 3.2, where the Fermi level is at the bottom of the bulk
conduction band. Based on the Fermi’s golden rule and Boltzmann equation, the
dc photocurrent resulted from the interband transitions from the occupied surface
bands to the bulk conduction bands can be expressed as [60]
J = −2pie
~
∑
k,〈η,ξ〉
(τpbvb,k,η − τpsvs,k,ξ) |〈φb,k,η|Hint|φs,k,ξ〉|2
× (f 0s,k,ξ − f 0b,k,η)δ(Eb,k,η − Es,k,ξ − ~ω)
(3.8)
where τpb and τps are the momentum relaxation time of bulk and surface bands,
v is electron velocity, f0 is the equilibrium Fermi distribution function, η denotes
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the two-fold spin degeneracy of the bulk bands and ξ refers to upper and lower
Dirac cone. The interaction Hamiltonian Hint = − emA ·P accounts for the min-
imal coupling between light and electrons. The full evaluation of Eq. 3.8 can
be rather complicated, however, the analysis of the transition matrix element
|〈φb,k,η|Hint|φs,k,ξ〉|2 can give instructive information [60]. For example, by noting
that the electron velocity v is odd in k, the induced photocurrent after the sum-
mation over k space is nonzero only if the transition matrix element is asymmetric
in k. This requires the optically induced interband transitions to be asymmetric
in momentum space, which can be satisfies through the optical selection rules that
are dependent of the electron spin. In this case, the right (left) moving surface
band, marked in red (purple) in Fig. 3.2, is preferably excited under left (right)
circularly polarized light illumination, giving rise to a directional net current flow
in real space. Moreover, direction of the resulted current should be perpendicular
to the light incidence direction, as the surface electron spin is locked perpendicu-
larly to its crystal momentum k due to spin-momentum locking effect.
Figure 3.2: Schematic illustration of the selection rules in TI. The selection rules
of optical transitions in TI with lifted spin degeneracy lead to spin-dependent pho-
toexcitation. Circularly polarized light will selectively excite electrons with one-
type of spin from the surface bands to the bulk bands, generating a spin-polarized
photocurrent flowing in a direction determined by the optical polarization.
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3.2.4 Device layout and measurement setup
Device fabrication
To experimentally investigate the photogalvanic effects in TIs, we use films
of topological insulator Bi2Se3 exfoliated from a bulk crystal (obtained from HQ
Graphene, Netherland) and transferred on a silicon substrate with 450 nm thick
SiO2 layer. To explore how the photoresponse depends on sample crystalline di-
rection, the flakes were first patterned into circular shape using electron beam
lithography and low power argon ion milling, followed by the deposition of eigh-
teen electrodes positioned in a rotation around the Bi2Se3 disk (as shown in Fig.
3.3). A Ti(10 nm)/Al(400 nm)/Au(80 nm) metal multilayer was deposited as the
electrodes using electron beam evaporator after an interface cleaning step using
argon ion milling for 10 seconds.
Measurement scheme
We measure the photogalvanic effects in the sample using a free-space optics
configuration similar to the previous studies [58,60–62] but with the difference that
near infrared continuous wave laser (λ = 1.55 µm) is used instead of visible light.
The photoresponse is measured by modulating the laser source with a high-speed
electro-optic modulator (Lucent 2623 NA) driven by a lock-in amplifier (Stanford
Research Systems, SR865A). An additional erbium-doped fiber amplifier (EDFA)
is used after the modulator to amplify the optical power and the laser intensity
was modulated at 10 kHz. The polarization of the incident light is varied from
linear to circular by rotating a quarter waveplate with angle α, while the incident
angle is fixed at 45◦ (in x-z plane) to the sample surface. The measurement
configuration is shown in Fig. 3.3. The photocurrent is collected from the pair of
electrodes positioned along the y-axis when the sample was rotated in directions
specified with the azimuthal angle ϕ. To minimize the thermoelectric effect due
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to non-uniform heating of the sample, we focus the laser beam to a spot of 330 µm
in diameter, much larger than the size of the Bi2Se3 sample which has a diameter
of 10 µm, and position the sample at the beam center. The laser power level is
fixed at 45 mW, at which the photoresponse of the device is in the linear regime.
All of the following measurements are performed at room temperature in the
atmosphere.
Figure 3.3: Device image and measurement scheme. The polarization of the
incident light is changed by rotating a quarter waveplate with angle α. The Bi2Se3
is patterned to a circular disk. Nine pairs of electrodes are used to measure the
transverse photocurrent generate along y directions when the sample is rotated
with angle ϕ.
3.2.5 Anisotropy of photogalvanic effects in Bi2Se3
We investigate the anisotropy of the photogalvanic effects in Bi2Se3 by measuring
its polarization-dependent photoresponse at various azimuthal angle ϕ. The re-
sults of polarization dependent photocurrent with ϕ = 0◦, 20◦, 40◦, 60◦ are plotted
in Fig. 3.4, which show similar variation with polarization as reported in the
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previous works [58,60,62]. The polarization dependence also exhibits clear differ-
ence when the photocurrent is collected with different sample rotation angle ϕ,
manifesting the anisotropy. We fit the results with the model that includes four
components of distinctive polarization dependence:
jy(ϕ, α) = C(ϕ) sin (2α) + L1(ϕ) sin (4α) + L2(ϕ) cos (4α) +D(ϕ) (3.9)
The coefficient C corresponds to the circular photogalvanic effect, coefficient L1
and L2 correspond to linear photogalvanic effect but possibly with different ori-
gins, and D is the polarization independent photocurrent that may include a
thermoelectric contribution.
Figure 3.4: Polarization-dependent photocurrent collected with electrode pair
positioned along the y-axis when the sample is rotated to representative values of
ϕ.
We fit the measurement results obtained at each ϕ and extract the parame-
ters (C,L1, L2, D). The angular dependence results are plotted in Fig. 3.5. The
results for L2 and D clearly exhibit a three-fold rotation symmetry with a period
of 120◦, in agreement with the space group of the Bi2Se3 crystal. This agreement
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corroborates with the conclusion of previous temperature-dependent studies [58]
that L2 and D stem from a similar origin of the bulk crystal. In clear contrast, the
results of C and L1 show indiscernible angular dependence. Because the helical
Dirac cone for the surface states appears at the Γ point in k-space, in the low en-
ergy limit, rotational symmetry is expected for interband transitions that involve
the surface states. Therefore, C and L1 are likely to share a common origin of
interband transitions from the occupied surface states to the bulk bands above,
given that the exfoliated Bi2Se3 sample is n-doped and the photon energy of 0.8
eV is much larger than the bulk bandgap of 0.3 eV. In addition, photon drag effect
may also cause helicity-dependent photocurrent, however, recent measurement by
varying the incident angle has ruled it out [60]. Our angular-dependent photocur-
rent measurement is useful to clarify the origins of different contributions and
show that the overall photogalvanic current varies with the crystalline orientation
due to the anisotropic contribution from the bulk.
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Figure 3.5: Anisotropy of the photogalvanic effect in Bi2Se3. (a)-(d) Parameters
(C,L1, L2, D) extracted from the measurement in Fig. 3.4 as a function of ϕ. L2
and D show clear anisotropy with threefold rotational symmetry, in agreement
with the crystal structure of Bi2Se3, whereas C and L1 show no obvious angular
dependence.
54
3.2.6 Further experiments
Dependence of photoresponse on optical power
We make sure the measured photoresponse on all devices are in the linear
regime by measuring the photocurrent as a function of optical power. For example,
Fig. 3.6 shows the result measured on the same device presented in Fig. 3.3 under
various optical power excitation (α = 0◦, ϕ = 0◦), which shows a clear linear
dependence on laser intensity.
Figure 3.6: Linear dependence of photocurrent on laser intensity. The purple line
is the linear fitting to the experimental data. The inset shows the device optical
image.
Frequency responses of different photocurrent contributions
Different mechanisms (thermoelectric effect and photogalvanic effect) that con-
tribute to the photocurrent have distinct frequency responses, which are measured
in the free-space optics configuration. Figure 3.7(a) shows the optical image of
a device with a pair of metal contacts in the transverse direction (y axis). To
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isolate the CPGE contribution from the total photocurrent, we position the sam-
ple at the beam center (y = 0) and measure the frequency-dependent photore-
sponse under the excitation of either left- or right-handed circularly polarized light
(α = 45◦, 135◦). According to Eq. (3.9), the thermoelectric current (due to mis-
alignment) and LPGE current are helicity-independent, whereas CPGE current
changes sign for opposite light helicity. Therefore, by subtracting the photocur-
rent of the two measurements, only the CPGE contribution remains, showing a
characteristic frequency of f3dB = 4 MHz (red line in Fig. 3.7(b)). On the other
hand, the thermoelectric photoresponse can also be isolated by subtracting the
photocurrents measured at positions shifted from the beam center (y = ±25 µm)
under linearly-polarized light excitation (α = 0◦). The thermoelectric contribu-
tion in the two measurements changes polarities due to the reversal of temperature
gradients, whereas the photogalvanic current remains unchanged. The difference
of the two measurements gives the thermoelectric current and exhibits a charac-
teristic frequency of f3dB = 30 kHz (blue line in Fig. 3.7)(b), much slower than
that of the photogalvanic current.
3.3 Spin-momentum locked interactions between
photons and electrons
3.3.1 Spin-momentum locking for guided photons
In contrast to plane wave in homogenous media, the electric field of non-paraxial
optical beams or spatially bound optical modes in fibers or waveguides are no
longer purely transverse but also have longitudinal field components due to the
lateral confinement. In particular, the emerging longitudinal field has a ±pi/2
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Figure 3.7: Frequency responses of the thermoelectric and photogalvanic cur-
rent. (a) Optical microscopic image of a device used to determine the frequency
responses. The scale bar is 5 µm. (b) The extracted CPGE and thermoelectric
current show a cut-off frequencies of 4 MHz and 30 kHz, respectively.
phase shift relative to the transverse field component, with the sign being locked
to the wave vector or light propagation direction [5,63–65]. The physical principle
underlying the nonvanishing longitudinal field is the Gauss’s law ∇·E = 0 (where
we assume a lossless dielectric medium). To show this, consider a waveguide mode
propagating along z−axis, the electric field is E(x, y)e±ikz−iωt, where k is the wave
vector and ω is the optical frequency. Substituting the electric field back into the
Gauss’s equation yields:
∂xEx + ∂yEy ± ikEz = 0 (3.10)
Eq. 3.10 implies that the longitudinal field Ez is nonvanishing when the transverse
field components are nonuniform in the transverse plane, as for the case of waveg-
uide modes that are laterally confined. Furthermore, its magnitude is directly pro-
portional to the lateral confinement strength (the lateral divergence of transverse
fields), suggesting that the effect is most prominent in integrated photonic circuits,
where the lateral confinement is down to subwavelength scale. Consequently, the
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corresponding light carries transverse spin angular momentum (here we define the
optical angular momentum of the electric field as S = −[iε0/(2ω)]E∗×E [63,66]),
where ε0 is vacuum permittivity. Eq. 3.10 also suggests the handedness of the
polarization and the transverse SAM are locked to the propagation direction,
meaning that their signs reverse with the flip of light propagation direction, as
illustrated in Fig. 3.8 for a waveguide mode. This effect is conceptually analogous
to the helical edge states in quantum spin Hall effect and the spin-momentum
locking effect occurring for the surface electrons in 3D TIs, albeit the optical
systems (waveguide, fibers) are topologically trivial (which means the waveguide
modes do not have topological protection).
Figure 3.8: Spinning evanescent electric field of the TM mode in a silicon waveg-
uide.
Consider the quasi-TE and TM modes of a waveguide made of silicon, as
simulated in Fig. 3.9(a), which is 1500 nm wide and 220 nm high and cladded
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on all sides with silicon dioxide. The mode has considerable longitudinal field
component (Ez) with a ±pi/2 phase difference to the transverse field component,
and thus are elliptically polarized in the propagation plane with transverse SAM.
It is apparent that, on top of the waveguide, the transverse electric SAM density
(Sx) of the TM mode is more significant, more than 100 times higher than that
of the TE mode.
Now consider a layer of TI material placed on the top of the waveguide, as
marked with the dashed line in Fig. 3.9(a). Because the photons in the TM
mode are elliptically polarized, through CPGE effect there will induce a pho-
tocurrent flowing in the longitudinal direction (z axis) with spin polarized along
the transverse direction (x axis). In this way, the CPGE interaction couples the
spin-momentum locking of the TM mode photons with the surface electrons in the
TI. Reversing the propagation direction of the light in the waveguide will reverse
the handedness of the elliptical polarization, the CPGE photocurrent direction
and the spin polarization. Therefore, such a TI-waveguide integration makes an
optoelectronic device, the first of its kind, that converts the propagation path in-
formation (forward or backward) of photons to the spin polarization of electrons
in a directional photocurrent. The spin-momentum locking of both photons and
electrons should manifest themselves in the photocurrent direction. The schematic
diagram in Fig. 3.9(b) illustrates the working principle of such a novel device.
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Figure 3.9: Spin-momentum locking for photons and electrons. (a) The x-
component of SAM density (Sx) for the TE and TM mode of a silicon waveguide
(1500 nm wide and 220 nm high). On the top of the waveguide, Sx of the TM
mode is more than 100 times higher than that of the TE mode. Therefore, the
TM mode has a more significant helicity-dependent effect in its evanescent field.
(b) The proposed device integrates the TI on a waveguide to explore the spin-
momentum locking of electrons and photons. It outputs a spin-polarized current
with its spin polarization and direction determined by the light input direction.
60
3.3.2 Experiment results
Device fabrication and measurement layout
We integrate an exfoliated Bi2Se3 flake on a silicon waveguide to demonstrate
the device. Figure 3.10(a) shows the optical microscope image of a representative
device (Device C). The waveguide-integrated Bi2Se3 devices are fabricated on a
silicon-on-insulator wafer with a 220 nm top silicon layer and a 3 µm buried oxide
layer. The underlying photonics layer is patterned using standard electron beam
lithography and reactive ion etching processes. Subsequently, a 150 nm layer of
hydrogen silsesquioxane (HSQ) is spin-coated and exposed with electron beam
lithography to planarize the photonics layer, on top of which a Bi2Se3 flake is
then transferred. This cladding layer is intentionally designed to be thick to avoid
significant disturbance of the waveguide mode by both the TI and the electrical
contacts, but allows the evanescent field of the mode to interact with the TI.
Two pairs of electrodes underneath the flake are used to collect the photocurrent
generated at the bottom surface of the TI. One electrode pair is positioned (with
a separation of l = 3 µm for Device C) along the longitudinal direction (z axis).
We design the integrated photonic circuit to allow coupling of either TM or TE
modes to the waveguide, and symmetrically from either the left or the right ends.
Therefore, overall there are eight different measurement configurations for the TM
or the TE modes propagating either leftward or rightward along the waveguide
with either the longitudinal or the transverse current being collected.
When measuring the waveguide-integrated device, a fiber array is used to
couple light into the device and collect the transmitted optical signal for alignment
and calibration. Integrated grating couplers are fabricated to couple the TE and
TM modes into the photonic device. A fiber polarization controller is used to
control the optical polarization. The coupling efficiencies for TE and TM mode
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coupler are ∼ 8% and ∼ 6%, respectively. During the measurement the laser
power is fixed at 4 mW and hence the devices’ photoresponse is in the linear
regime.
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Figure 3.10: Waveguide-integrated device layout and measurement scheme. (a)
The x-component of SAM density (Sx) for the TE and TM mode of a silicon
waveguide (1500 nm wide and 220 nm high). On the top of the waveguide, Sx of
the TM mode is more than 100 times higher than that of the TE mode. Therefore,
the TM mode has a more significant helicity-dependent effect in its evanescent
field. (b) The proposed device integrates the TI on a waveguide to explore the
spin-momentum locking of electrons and photons. It outputs a spin-polarized
current with its spin polarization and direction determined by the light input
direction.
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Results
Figure 3.11 illustrates the situations when the TM mode is launched into the
waveguide. As shown in Fig. 3.9(a), the photons in the TM mode are elliptically
polarized and carry transverse SAM (along x axis), and through the CPGE effect
they will selectively excite surface electrons with their spin aligned with the optical
SAM and induce a spin-polarized net current ICPGE flowing in the longitudinal
direction (z axis) due to the spin momentum locking effect of topological surface
states. Here, the CPGE effect is due to the SAM of the waveguide TM mode in the
transverse direction, rather than the longitudinal SAM as in the free-space laser
beam. Importantly, when the propagation direction of the TM mode is reversed
(equivalent to apply time reversal operation and change wave vector from k to−k),
the polarity of S also reverses, namely the optical spin-momentum locking, and the
resulting ICPGE will flow in the opposite direction, as illustrated in Fig. 3.11. Such
a longitudinal photocurrent with its direction dependent on the light propagation
thus is the hallmark of the spin-momentum locked interaction between the guided
optical mode and the topological surface states. Other than CPGE, other effects,
including LPGE and thermoelectric effect can also generate photocurrent so the
total longitudinal photocurrent should be expressed as: Ilong = ICPGE+ILPGE+Ith.
The current produced by LPGE can have both transverse (x) and longitudinal
(z) components but should be independent of the light propagation direction
(Fig. 3.11). The thermoelectric effect due to the temperature gradient along the
waveguide may induce a longitudinal photocurrent (Ith) that also reverses sign
with the light propagation. However, this thermal effect should work in the same
way for both TM and TE modes, the latter, however, should produce negligible
longitudinal ICPGE because of its negligible Sx in its evanescent field. Therefore,
through analyzing the results obtained with different measurement configurations
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in our device, contributions from different mechanisms can be unambiguously
distinguished from each other.
Figure 3.11: Directional photogalvanic current generated in TI. The photocur-
rent ICPGE generated in the TI by the TM mode of the waveguide is only along the
longitudinal direction. Because of the photonic spin-momentum locking, ICPGE
changes direction when the light propagation direction in the waveguide is re-
versed from forward (a) to backward (b). In contrast, the LPGE photocurrent
has both longitudinal and transverse components which are independent on the
light propagation direction.
Figure 3.12 show the photocurrent, measured with different experiment config-
urations, as a function of frequency when the laser is modulated with an electro-
optic modulator and coupled into the waveguide through integrated grating cou-
plers for TE and TM modes. The most notable results are shown in Fig. 3.12(a)-
(b) when the TM mode is launched into the waveguide from either the left or right
side. The longitudinal current ITMlong and its phase show a strong dependence on the
light propagation direction. Specifically, when the light propagation direction is
changed from leftward to rightward, the sign of ITMlong reverses, as can be seen from
the 180◦ change in the phase response, along with a change in the magnitude. In
contrast, in Fig. 3.12(c)-(d), when TE mode is launched in the waveguide, revers-
ing the light propagation direction has a negligible effect on both the magnitude
65
and the phase of ITElong. I
TE
long is expected to include contributions from both LPGE
effect (ITELPGE) and thermoelectric effect (Ith) but negligible contribution from the
CPGE effect (ITECPGE). Considering the thermoelectric effect, the temperature gra-
dient is along the z-axis in the sample and the induced Ith should be reversed
when the light propagation direction is reversed. However, ITElong shows unnotice-
able difference between the opposite light propagation directions. Therefore, we
can conclude that the thermoelectric effect is insignificant in our device, possibly
because of the small device size and efficient heat sinking. After ruling out the
thermoelectric contribution, for the TM mode, we can express the longitudinal
photocurrent as ITM±long = ±ITMCPGE +ITMLPGE, where ITMCPGE is the CPGE photocurrent
which flows along the light propagation direction (marked with ±), and ITMLPGE is
the LPGE photocurrent which is independent of the light propagation direction.
Similarly, for the TE mode, ITE±long = ±ITECPGE + ITELPGE. The transverse photocur-
rents along the x-axis generated by the TM (ITMtrans) and the TE modes (I
TE
trans)
provide good control results. Because both the TM and TE modes are linearly
polarized in the x-y plane, there is zero z-component of SAM (Sz) and hence no
CPGE photocurrent along the transverse x-direction. The symmetry of the device
also minimizes the thermoelectric contribution. Therefore, we can conclude that
ITMtrans and I
TE
trans consist of only LPGE photocurrent, which does not change with
the light propagation direction. This is clearly shown in Fig. 3.12(e)-(f). The
difference between the magnitude of ITMtrans and I
TE
trans is attributed to the different
field intensities of the two modes at the TI layer. Above results and analysis show
that, among all of the configurations, only the longitudinal photocurrent gener-
ated by the TM mode (ITMlong) uniquely shows a strong dependence on the light
propagation direction due to the spin-momentum locked interaction between the
photon transverse spin and the TI’s surface electrons.
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Figure 3.12: Frequency response of the photogalvanic current generated in TI.
(a)-(b) Frequency response of the amplitude (a) and the phase (b) of the longi-
tudinal photocurrent (ITMlong) when TM mode is launched in the waveguide. When
the light propagation is reversed from leftward to rightward, the sign of the pho-
tocurrent reverses, as seen from the 180◦ change in the phase response, and the
amplitude of the photocurrent also changes. (c)-(d) The longitudinal photocur-
rent of the TE mode (ITElong) (amplitude in (c) and phase in (d)) and the transverse
photocurrent of the TM mode (e) and the TE mode (f). all show negligible de-
pendence on the light propagation direction.
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We can further extract and quantify the contributions of the CPGE and LPGE
effects in above results by using the reciprocal symmetry of the device such that:
ITMCPGE = (I
TM+
long − ITM-long )/2 and ITMLPGE = (ITM+long + ITM-long )/2. The result obtained
from Device C are summarized in Fig. 3.13(a) and show that, for the TM mode,
the CPGE contribution is more than 3 times larger than the LPGE contribution.
The dominance of the CPGE effect results in the reversal of the total photocurrent
with the light propagation direction. For the TE mode, the photocurrent is dom-
inated by the LPGE contribution, which is independent of the light propagation
direction. The LPGE effect originates from the bulk of the TI and, as shown in
Fig. 3.5, is highly anisotropic with respect to the crystalline axes. Therefore, its
contribution can vary over a large range depending on the orientation of the TI
flake relative to the waveguide, which is uncontrolled in our fabrication process.
Fig. 3.13(b) summarizes the measured results, for the TM mode and at a fixed
modulation frequency of 110 Hz, from four devices (A-D) with varying length
l of the TI between the longitudinal electrode pairs. The results indeed show
a large variation in terms of the relative contribution of photocurrent between
the CPGE and LPGE effects. In samples where LPGE overwhelms the CPGE,
the total photocurrent will not reverse sign with the change of light propagation
direction, but its magnitude will vary because of the reversal of the CPGE con-
tribution. Characterization methods such as micro-Raman spectroscopy can be
employed to determine the crystalline orientation of the Bi2Se3 flake. Therefore,
it is possible to precisely align the orientation of the flake with the waveguide
to minimize or even completely remove the LPGE contribution from the bulk to
obtain a highly asymmetric, helicity-dependent photoresponse with respect to the
light propagation direction in the waveguide.
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Figure 3.13: Contributions of circular and linear photogalvanic currents. (a) Fre-
quency response of the extracted CPGE and LPGE contributions of photogalvanic
current for TM and TE modes in Device C. (b) CPGE and LPGE contributions
for TM and TE modes in four devices with different TI lengths l between the
electrodes from 1 to 4 µm. A large variation of the ratio between the CPGE and
the LPGE contributions is attributed to the high anisotropy of the LPGE, which
is sensitive to the crystalline orientation of the Bi2Se3 flake to the waveguide.
3.3.3 Discussion
To date, the optical wavelength used in our experiments or similar studies in the
literatures are in near-infrared or visible range with the photon energies much
higher than the bulk band gap (∼ 0.3 eV in Bi2Se3). However, the optical tran-
sitions between spin-polarized surface states within a single Dirac cone requires
light in the mid-infrared wavelength range, which remains unexplored in these ex-
periments. In addition, the TI samples used in our studies are obtained through
mechanical exfoliation from the bulk crystals, which suffers from high intrinsic
doping and are incapable of tuning Fermi level through electrical gating. This
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significantly limits the possible optical transitions that can be observed experi-
mentally. To address these issues, thin TI films (∼ 10 nm) prepared by molecular
beam epitaxy should be used in future experiments to study the photogalvanic
effects.
Furthermore, it is of great importance to study the spin lifetime of the photo-
induced bulk or surface carriers and verify the spin polarization in the CPGE pho-
tocurrent using time-resolved magneto-optic Kerr microscopy with a femtosecond
laser [67, 68]. The spin lifetime characterization of the photo-induced carriers is
crucial for the generation and control of spin-polarized current in TIs, which may
find applications in spintronics.
3.4 Conclusion
In this chapter, we have studied the optical manipulation of surface electrons in
3D topological insulators Bi2Se3 using circularly polarized light. Through circu-
lar photogalvanic effect, we demonstrate a helicity-dependent interface between
the optical modes in a photonic waveguide and the surface electrons of topolog-
ical insulators that directly converts the spin angular momentum of the guided
photons to the spin-polarized photocurrent flowing on the surface of the TI. The
helicity-dependence of the interaction stems from the spin-momentum locking ef-
fects for both photons and electrons and their coupling in an integrated platform.
More broadly, our device represents a new way of implementing coupled spin-
orbit interaction of both electrons and photons. The device can be utilized as an
optically pumped source of spin-polarized current that may find applications in
spintronics. To this end, an important next step is to verify the spin polarization
in the CPGE photocurrent with techniques such as magneto-optic Kerr effect and
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non-local potentiometric measurement using magnetic contacts. Furthermore, the
device converts the path information of photon propagation to the spin polariza-
tion of the electrical current and can be used as an interface between photon
qubits and spin qubits in a hybrid system of quantum information processing.
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Chapter 4
All-Optical Switching of
Magnetization in Ferrimagnetic
Alloy GdFeCo
4.1 Introduction
To study the magnetization switching of magnetic thin films and nanostructures
in an ultrafast time scale not only is of fundamental research interest but also
has tremendous impacts on information processing and storage. For example, the
logical bits are stored as the magnetization of magnetic domains in various mag-
netic devices (like magnetoresistive random-access memory (MRAM) and mag-
netic recording), and how fast the magnetization can be switched between two
metastable states determines the device operation speed. The most conventional
approach for magnetization switching is to use external magnetic fields, in which
the magnetic moments spiral into the direction of the magnetic fields by means
of precession. However, as will be shown later, the associated Larmor precession
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frequency is proportional to the magnetic field strength and the switching speed
is limited to the nanosecond time scale even for a high magnetic field due to the
slow spin-lattice relaxation process (∼100 ps) [69]. Moreover, the large integration
of magnetic devices requires materials with large magnetic anisotropy, which also
increases the switching field strength generated through electrical current. There-
fore, the ultrafast control of magnetism without using magnetic fields is essential
for the integration of spintronic devices in a large scale for memory, computation,
and communication in the beyond-CMOS ear [70–74]. Mechanisms including spin
transfer torque [75], spin Hall effect [76], and electric field or strain-assisted switch-
ing [77, 78] have been implemented to switch magnetization in various spintronic
devices. However, their speed is also fundamentally limited by the spin precession
time to longer than 10 ps ∼ 1 ns. Such a time constraint severely limits the pos-
sible operation speed of spintronic devices, and therefore, overcoming it is critical
for the prospective development of spintronics.
Over the last decades, there has been a surge of interest in exploring the all-
optical manipulation of magnetic order in various magnetic systems in a time
scale of the exchange interaction using femtosecond laser pulses as the ultrafast
stimuli [69]. In pioneering work, Beaurepaire et. al. performed the spin dynam-
ics measurement on a metallic ferromagnetic Ni thin film using a magneto-optic
pump-probe scheme [79]. It was shown that the magnetization of a 20 nm thick Ni
film dropped accompanied a drastic increasing in electron and spin temperatures
within 1 ps after the absorption of the 60 fs laser pulses (Fig.4.1), indicating the
observed ultrafast demagnetization is due to electron-spin relaxation (character-
istic time scale of ∼100 fs) rather than the conventional spin-lattice relaxation
(characteristic time scale of ∼100 ps).
In 2007, Stanciu et. al. demonstrated that the optical excitation using 40 fs
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Figure 4.1: Ultrafast spin dynamics in a Ni thin film. Time-resolved magneto-
optic Kerr microscopy signal of a Ni(20 nm)/MgF 2(100 nm) film after the exci-
tation of single 60 fs laser pulses. Reproduced with permission from [79]
laser pulses alone could even lead to the ultrafast magnetization switching (∼3 ps)
in metallic ferrimagnetic alloy GdFeCo [80], where Gd and FeCo sublattices are
anti-ferromagnetically coupled. In particular, regardless the initial magnetization
direction, the final magnetization state after laser excitation was shown to be
solely dependent on light polarization (σ+ or σ−). For example, in Fig. 4.2, σ+
(σ−) laser pulses set the final magnetization to up (down) state, represented as
white (black) small domains. Therefore, the demonstrated all-optical switching
is light helicity-dependent and the film magnetization can be manipulated in a
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completely deterministic manner by controlling light polarization.
Figure 4.2: Helicity-dependent all-optical magnetic switching in GdFeCo. Small
magnetic domains were generated by sweeping pulsed laser beams across the
GdFeCo sample. The domain magnetization was determine by light helicity. Re-
produced with permission from [80]
Since the first discovery of all-optical switching (AOS) in GdFeCo alloy, the
underlying mechanism that governs the ultrafast spin dynamics has been a sub-
ject of hot debate. The switching mechanism was first proposed as the joint
effects of ultrafast laser heating of the magnetic system to below the Curie tem-
perature and the effective magnetic field induced by light through the inverse
Faraday effect [80, 81]. In particular, the polarity of the effective magnetic field
is determined by light polarization (σ+ or σ−) and thus the final magnetization
state is dependent on light helicity. However, in 2012, Khorsand et. al. had
a contradictory observation that all-optical switching in GdFeCo can always be
achieved once the optical absorption in the film is above a threshold value [82].
The previously observed helicity-dependence in magnetization switching is due
to the magnetic circular dichroism that films’ optical absorption varies for po-
larized light with opposite helicity. Therefore, the switching behavior should be
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universal regardless light polarization or wavelength. Not long after, a series of
theoretical and experimental studies have revealed that the observed magneti-
zation switching in GdFeCo is a pure thermal effect, which involves the energy
and angular momentum exchange between three thermodynamic reservoirs (elec-
tron, spin and lattice) [83–85]. Although the fundamental researches regarding
all-optical magnetization switching in various material systems and structures are
still going on [86,87], all-optical switching of magnetization has been proposed to
be promising for a plethora of applications, including ultrafast magnetic recording,
non-volatile magnetic memory, and spin logics.
In this chapter, we will present the experimental study of all-optical switching
in ferrimagnetic alloy GdFeCo and its use in device implementation using telecom-
band femtosecond laser pulses (λ = 1.55 µm) as the ultrafast stimuli. First, to
illustrate the very distinct all-optical switching mechanism from other magneti-
zation switching approaches through spin precession, we start with a brief review
of the dynamics of magnetic moments in (effective) magnetic fields and under
laser pulse excitations. Then, in the later section, we present a systematic study
of all-optical switching in GdFeCo thin films with near-infrared, femtosecond op-
tical pulses using the magneto-optic Kerr microscopy. As a step toward device
applications from previous material and spectroscopic investigations, we further
demonstrate the ultrafast all-optical switching of an magnetic tunnel junction
(MTJ) [88–90], the building blocks of spintronic logic, using single femtosecond
laser pulses [91]. This optically switchable MTJ uses GdFeCo as the free layer
and its switching is read out by measuring its tunneling magnetoresistance with
a ∆R/R ratio of 0.6%. A switching repetition rate at 1 MHz has been demon-
strated, but the fundamental upper limit should be higher than tens of GHz rate.
This result represents an important step toward integrated opto-spintronic devices
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that combines spintronics and photonics technologies to enable ultrafast conver-
sion between fundamental information carriers of electron spins and photons.
4.2 Dynamics of magnetic moments
4.2.1 Dynamics of magnetic moments in magnetic fields
The magnetic moment m of a charged particle is related to its angular momentum
j through the gyromagnetic ratio γ as m = γ×j. Therefore, in classical mechanics,
the motion of m in an external magnetic field is determined by the torque applied
on it, and is given by the Landau-Lifshitz (LL) equation:
∂tm = −γm×H (4.1)
The LL equation describes the precessional motion of m in the plane perpendicular
to H periodically at the Larmor frequency ω = γH, which is linearly proportional
to H. For a magnetic solid with homogenous magnetization, the magnetic field H
on the right side of the LL equation should also include the contributions from
effects such as shape anisotropy, magnetocrystalline anisotropy, spin injection etc.,
so that H is replaced with an effective field Heff.
In general, a damping term proportional to the precession velocity ∂tm (the
dimensionless damping coefficient λ is assumed to be positive) is added to the
right hand of the equation of motion to account for the phenomenological friction
in the precession process, and therefore, the new equation of motion is given by
the Landau-Lifshitz-Gilbert (LLG) equation
∂tm = −γm×Heff − γλ m|m| × (m×Heff) (4.2)
Note that the motion of m described by the LLG equation can be viewed as a
vector with fixed length traverses on the Poincare sphere, since the two torque
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terms on the right side of the LLG equation are perpendicular to m and thus
|m| is conserved. When a magnetic field Heff is applied opposite to m, according
to the LLG equation, m will first deviates from its equilibrium position pointing
anti-parallel to Heff due to thermal fluctuation and then spiral into the direction of
Heff through the exchange of energy and angular momentum between spin and the
lattice (which is manifested by the damping coefficient λ). Therefore, the speed
of the magnetization switching through precession is limited by the spin-lattice
relaxation time that is typically longer than 100 ps in solids.
There is a caveat about the LLG equation: |m| is assumed to be a constant
in the dynamic evolution (macrospin approximation), which is only valid when
the exchange energy is dominant over other energies of the magnetic system.
However, this assumption fails when dealing with the ultrafast spin dynamics
induced by femtosecond laser pulses and certain modifications are required for
the LLG equation to account for the change in |m|. It turns out that the ultrafast
spin dynamics can be captured using the Landau-Lifshitz-Bloch (LLB) equation
as [84]
∂tm = −γm×Heff + γλ|| (m ·Heff)m
m2
− γλ⊥m× (m×Heff)
m2
(4.3)
where λ|| and λ⊥ are longitudinal and transverse damping parameters that are
dependent on electron temperature T as
λ|| = λ
2T
3TMFc
, λ⊥ = λ
[
1− T
3TMFc
]
(4.4)
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4.2.2 Review of the time-resolved study of all optical mag-
netization switching in GdFeCo
In 2011, Radu et. al. performed time-resolved study of the ultrafast magnetiza-
tion dynamics in ferrimagnetic GdFeCo thin films using the element-specific X-ray
magnetic circular dichroism (XMCD) technique [92]. In the experiment, linearly
polarized 60 fs laser pulses with photon energy of 1.55 eV were used to instanta-
neously heat up the material. To probe the induced spin dynamics, 100 fs X-ray
pulses with certain temporal delay with respect to the pump pulses were used to
selectively probe the magnetic moments of either Gd or FeCo sublattices. Figure
4.3 shows the element-resolved magnetization dynamics of the two sublattices in
a few picoseconds time scale. The striking feature is that followed by the absorp-
tion of the pump pulses, the magnetic moments of both Gd and FeCo sublattices
independently relax to zero at different rates within ∼1 ps, which is the time
scale of the exchange interaction. Because the FeCo sublattice demagnetizes much
faster than the Gd sublattice, its magnetic moment crosses the zero signal line and
aligns parallel to the Gd moment after ∼200 fs, forming a transient ferromagnetic-
like state, although the two sublattices are anti-ferromagnetically coupled in the
ground state. In the subsequent spontaneous relaxation, the moment of Gd sub-
lattice keeps decreasing and eventually recovers the anti-ferromagnetic coupling
with respect to the FeCo sublattice, leading to a reversed net magnetization state
within ∼3 ps. Note that it takes more than ∼100 ps for the two sublattices to
fully recover their magnetic moments to the level before the laser pulse excitation
due to the slow cooling down of the lattice.
Apparently, the emerging transient ferromagnetic-like state is rather striking
and cannot be explained within the framework of the macrospin approximation
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Figure 4.3: Element-resolved spin dynamics in GdFeCo measured by time-
resolved XMCD. Reproduced with permission from [92].
introduced above. The key to understand the laser induced ultrafast spin dynam-
ics is to take into account the energy and angular momentum exchange between
electron, spin and lattice reservoirs, as well as the angular momentum relaxation
between the two non-equivalent sublattices within the spin reservoir.
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4.3 All-optical switching of magnetization with
single ultrafast near infrared laser pulses
4.3.1 Material preparation and experiment setup
Material preparation
The GdFeCo films used in this study are sputtered on thermally-oxide-silicon
wafers at room temperature in a magnetosputter system with a base pressure
< 5 × 10−8 torr. The composition of GdFeCo films is controlled by varying the
sputter power of Gd and Fe90Co10 targets. As shown in Fig. 4.4, the sample has
a stack structure of Ta(4 nm)/Gdx(Fe90Co10)100−x(20 nm)/Ta(4 nm). The 4 nm
thick Ta layers are used as buffer and capping to prevent film from oxidation.
Figure 4.4: Schematic of Gd(Fe,Co) film stack.
The magnetic properties of the GdFeCo films were characterized at room tem-
perature using vibrating sample magnetometer (VSM) and the composition of
GdFeCo layer was characterized using Rutherford backscattering spectrometry
(RBS). It turns out samples with Gd composition (x) in the range from 21% to
27% show good perpeicular magnetic anisotropy. Figure 4.5 shows the hysteresis
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loops of the GdFeCo films with various Gd compositions. The saturation magne-
tization (Ms) for all samples within the above range is below 80 emu/cm
3, as these
samples’ compensation temperatures are close to room temperature. We also find
a unidirectional shift of magnetic hysteresis loop from zero field for GdFeCo with
Gd composition close to the compensation point (xGd ≈ 24%). This shift indicates
that there is an intrinsic exchange bias in the film, which exists in the exchange
coupled ferromagnet/antiferromagnet structure. For example, the GdFeCo film
with Gd composition of 24.8% has an exchange bias field of ∼ 70 Oe, as shown
in Fig. 4.5. It could be attributed to the forming of zero moment GdFeCo
phases inside the films where Gd and FeCo sublattice moments compensate each
other during the multi-targets co-sputter deposition, which are exchange coupled
with other non-zero GdFeCo phases. Similar exchange-bias behaviors have also
been observed in other amorphous RE-TM alloys, such as TbFeCo and DyCo
films [93,94].
Experimental setup
All-optical magnetization switching in GdFeCo films and microstructures can
be observed using magneto-optic Kerr effect (MOKE). Figure 4.6 shows the schemat-
ics of the laser excitation and magnetic domain imaging apparatus used in the
AOS measurement. A 400 fs optical pulse train out from a fiber laser (Polaronyx
URANUS 0500-1500) has a base repetition rate of 1 MHz. An acoustic-optic
modulator (AOM) is used as a laser pulse picker, whose optical transmission is
controlled by electrical pulse signals provided by a signal generator. By setting
the electrical pulse width properly, single or multiple laser pulses with 1 µs tem-
poral separation are picked out for the single shot and multiple shot experiments,
respectively. Due to the lack of synchronization between optical and electrical
pulses, and the finite rise/fall time (∼10 ns) of the electrical pulses, laser pulse
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Figure 4.5: M-H Hysteresis loops of GdFeCo films with different Gd compositions.
energies may fluctuate slightly, which results in unsuccessful switching in the AOS
measurement occasionally.
4.3.2 Films
To demonstrate the magnetization of GdFeCo films can be switched by a sin-
gle laser pulses, we scan the laser beam across the sample surface. The laser
spot diameter of 20 µm with an optical fluence of 5.8 mJ/cm2 is used consis-
tently throughout this work. With a low laser pulse repetition rate and high
scanning speed, there is no spatial overlap between adjacent pulses. Figure 4.7(a)
shows a representative MOKE image of a Gd26(Fe90Co10)74 sample after the scan.
It can be seen that individual bubble domains in size similar to the laser spot
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Figure 4.6: Schematics of laser excitation and magnetic domain imaging system.
have been created through AOS in domains with both up and down magneti-
zations. AOS in our materials is independent of the laser polarization, and the
laser pulses always reverse the magnetization, which is consistent with other re-
ports on helicity-independent AOS of GdFeCo [80, 85, 86]. Therefore, the linear
polarization is used in all of our experiments. We systematically characterize the
AOS in GdFeCo samples with various Gd compositions. It turns out that AOS
is only observed in samples with Gd composition in the range from 22% to 26%
(the grey-shadowed region in Fig. 4.7(b)), close to the point where the magnetic
moments of Gd and FeCo sublattices cancel each other (Ms = 0) at room tem-
perature. Our result is consistent with previous reports by several other groups
using visible laser pulses [80, 85].
To further confirm that single laser pulses can toggle the film magnetization
repeatedly and the observed switching is not due to the stray field and/or domain
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Figure 4.7: All-optical switching of GdFeCo films. (a) The MOKE image of
single bubble domains crated via AOS by scanning single subpicosecond laser
pulses across the boundary between two large magnetic domains in the sample.
The scale bar is 100 µm. (b) The coercivity Hc (blue symbols) and saturated
magnetization Ms (red symbols) of GdFeCo samples versus their Gd composition.
Samples with Gd composition in the gray-shadowed region (22%-26%) show AOS
behavior. The solid lines are used to guide the eyes.
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walls from the surrounding area that is not exposed to laser pulses, we perform
similar single laser shot experiment on a square patterned from the GdFeCo film
(width = 12 µm). Figure 4.8 are the MOKE images of the patterned structure
exposed to five consecutive laser pulses, showing that each pulse (except the third
pulse) reverses the magnetization. We also notice that the third pulse fails to
switch the square magnetization from gray to dark, but rather creates multiple
domains. This failure in switching could be attributed to the fluctuation of laser
pulse energy in our measurement system due to the lack of synchronization be-
tween the pulsed laser and the AOM pulse picker. Nevertheless, the fourth pulse
switches the square back to gray (possibly because the patterned structure tends
to form single domain in its equilibrium state). The repeatable toggling of magne-
tization in GdFeCo square confirms that the switching is resulted from ultrafast
heating alone and the surrounding area that is not exposed to laser pulses does
not play a role in AOS.
4.3.3 Hall cross
As an intermediate step towards device applications, we demonstrate the mag-
netoelectric response of the GdFeCo films to AOS by measuring the anomalous
Hall effect (AHE). We patterned the film into pillars and deposited transparent
electrodes made of 110 nm thick indium tin oxide (ITO) to measure the Hall re-
sistance. Figure 4.9(a) shows an optical image of a typical device with a pillar
diameter of 15 µm. Using an external perpendicular magnetic field (Lakeshore),
the hysteresis loop of the anomalous Hall resistance (RAHE) is measured. The
asymmetric RAHE for the up and down magnetized states is attributed to the
slight asymmetry in the electrodes’ position. The observed rectangular hysteresis
loop shows the device has nearly 100% remanence. We next use this hall device
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Figure 4.8: All-optical switching of patterned GdFeCo microstructures. The
MOKE images of a GdFeCo square subject to five consecutive optical pulses. The
thin wires are connected to metal pads for electrical measurements.
to demonstrate direct electrical readout of AOS. The pillar is exposed to a train
of single laser pulses with a repetition rate of 0.5 Hz, and the Hall resistance is
measured in real time. The result presented in Fig. 4.9(c) shows that the Hall
resistance is reversed by every laser pulse. Comparing Fig. 4.9(b) and (c). it can
be seen the values of RAHE reversed by AOS in Fig. 4.9(c) are the same as in Fig.
4.9(b). This result indicates that every single laser pulse completely reverses the
magnetization of the GdFeCo pillar.
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Figure 4.9: Direct magnetoelectric readout of AOS in GdFeCo film by AHE. (a)
Optical microscope image of a typical Hall device with pillar diameter of 15 µm
and transparent ITO/Cu electrodes. The scale bar is 15µm. (b) RAHE hysteresis
loop of the device measured by sweeping a perpendicular magnetic field with a
constant dc bias current of 100µA. (c) RAHE of the device measured during AOS
by single laser pulses with 0.5 Hz repetition rate. The consistent change of RAHE
in (b) and (c) confirms that the GdFeCo pillar is completely switched by the laser
pulses.
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4.3.4 All-optical switching of magnetic tunnel junctions
with single laser pulses
AOS has been extensively explored for its prospects of enabling ultrafast mag-
netic recording and operation of spintronic device. However, there has not been
any demonstration of AOS in realistic spintronic devices, such as magnetic tunnel
junctions. Since previous studies of AOS have been performed only on a sin-
gle magnetic layer, how additional magnetic layers affect the AOS phenomenon
remains unknown. Here, we demonstrate an optically switchable MTJ with fast
operating speed by using the GdFeCo film as the free layer. To this end, we design
and fabricate a MTJ stack in the configuration of Ta(5 nm)/Pd(10 nm)/[Co(0.6
nm)/Pd(1.5 nm)]×4/Co(0.8 nm)/MgO(1.8 nm)/GdFeCo(20 nm)/Ta(4 nm), as il-
lustrated in Fig. 4.10. The MgO layer is the tunneling barrier. The Ta and Pd
layers are used as the buffer and the bottom electrodes. The Co/Pd multilayers
are the fixed layer, which is optimized to obtain good perpendicular magnetic
anisotropy. Notably, ITO is used as the transparent top electrode to allow optical
access. Figure 4.11 shows an optical image of a representative MTJ device with
a pillar diameter of 12 µm.
We measure the tunneling magnetoresistance (RTMR) of the MTJ by sweeping
a perpendicular magnetic field in the range of ±2 kOe. A clear TMR minor loop
showing the low and high resistance states of the MTJ is measured, as shown in
Fig. 4.11. Because the Gd composition is chosen to be close to compensation
point, the bottom Co/Pd multilayers have a lower coercivity Hc than the GdFeCo
layer, they are switched by the magnetic field while the magnetization of the
GdFeCo layer remains fixed. The MTJ in the low and high resistance states have
resistance of 98.0 and 98.6 Ω, respectively. Therefore, the TMR ratio defined as
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Figure 4.10: Schematic of the MTJ stacks.
∆RTMR/RTMR is ∼0.6%. We attribute the low TMR ratio to the low quality
of the MgO layer because no post-deposition annealing is performed, and to the
oxidation at the MgO/GdFeCo interface. The relatively high noise in the TMR
measurement is attributed to the poor interface between the ITO and the Ta
capping layers. Nevertheless, the device provides a sufficient TMR signal-to-noise
ratio to discern optical switching of the MTJ.
The AOS measurement on the MTJ is performed in a similar way to the Hall
device by setting the laser repetition rate at 0.5 Hz and monitoring the TMR
value with an averaging time constant of 100 ms to obtain the result shown in
Fig. 4.12(a). It clearly shows that each laser pulse switches the MTJ between
high and low resistance states. In contrast to switching using a magnetic field, the
laser pulses switch the magnetization of the GdFeCo layer that is on the top of
the MTJ while the magnetization of the Co/Pd multilayers at the bottom remain
fixed, as is evident in the MOKE images in Fig 4.12(b) and (c). The change
of the TMR by AOS is 0.6 ± 0.05 Ω, in agreement with the value obtained in
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Figure 4.11: The RTMR minor loop measured with external magnetic fields.
Inset, Optical microscope image of a MTJ device with ITO electrodes on the top
for TMR measurement.
the magnetic field measurement. We note that, in Fig 4.11 and 4.12, the slight
difference in the absolute resistance values is due to the changed probe-to-device
contact resistance in two different measurement setups. The consistent change of
the TMR value unambiguously confirms that the GdFeCo layer in the MTJ has
been completely switched via AOS. The TMR ratio in this device can be increased
by exchange coupling the GdFeCo layer with a ferromagnetic layer, such as CoFe
and CoFeB [95, 96], and by annealing to improve the quality of MgO layer. Our
result represents a demonstration of all-optical switching of a realistic spintronic
device by using ultrafast laser pulses.
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Figure 4.12: AOS of an MTJ with subpicosecond single laser pulses. (a) RTMR
of the MTJ device measured during AOS by 0.4 ps single laser pulses at 0.5 Hz
repetition rate. The change of RTMR in (a) and Fig. 4.11 have the same value
of ∼0.6 ± 0.05 Ω, indicating the GdFeCo layer has been completely switched.
(b)-(c) The MOKE images of the MTJ pillar before and after AOS by a single
laser pulse, showing the GdFeCo layer is completely switched.
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4.3.5 Switching speed
According to the previous time-resolved spin dynamics study (Fig. 4.3), the net
magnetization of the GdFeCo films can be switched by a femtosecond optical
pulses within ∼3 ps, however, the complete recover of the magnetic moments of
each sublattices to the equilibrium value takes much longer time of ∼100 ps due
to the slow cooling down of the lattice. Therefore, how fast the GdFeCo magne-
tization in a realistic spintronic device can be switched is of great technological
importance for the high-speed device operation. To this end, we demonstrate the
repeatability of AOS using a GdFeCo Hall cross device similar to the one in Fig.
4.9. The device is exposed to trains of multiple pulses with the time spacing of
1 µs, generated using the pulse picker. Since our laser’s base repetition rate is 1
MHz, even shorter time spacing is not possible. Figure 4.13 shows that, when
the device is exposed to two consecutive pulses, the second pulse, 1 µs after the
first pulse, switches the device again and thus resets the device to its original
state. As a result, no change of RAHE is observed because a measurement time
constant of 20 ms is used. Similarly, when the device is exposed to three and four
consecutive pulses, the third pulse switches the device again, so that change of
RAHE resumes, and the fourth pulse resets the device. This result demonstrates
a 1 MHz AOS repetition rate of a GdFeCo Hall cross device. However, the fun-
damental switching rate of GdFeCo should be much higher and requires further
investigation.
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Figure 4.13: Repetitive AOS of the GdFeCo Hall device. The GdFeCo Hall device
is exposed to trains of single (red), dual (purple), three (green), and four (blue)
consecutive pulses with 1µs pulse-to-pulse time spacing and the AHE resistance
is measured. The device is switched repetitively by the pulses: the second pulse
resets the switching by the first pulse and the fourth pulse resets the switching by
the third pulse. Therefore, no RAHE change is measured for trains of double and
quadruple pulses. The result demonstrates 1 MHz AOS repetition rate.
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4.4 Discussion
In conclusion, we have integrated an optically switchable Gd(Fe,Co) film into an
MTJ device and have demonstrated ultrafast all-optical switching of this spin-
tronic device using subpicosecond laser pulses. The picosecond time scale of opti-
cal switching is 2 orders of magnitude faster than other switching methods. The
use of telecom-band infrared laser sources also makes such devices compatible for
integration with silicon photonics and fiber optics. Future work to improve the
TMR ratio of the optically switchable MTJ and reduce the required optical fluence
for switching is necessary to enable large-scale integration and practical applica-
tions. The energy per pulse required for AOS scales inversely with the device area
and the efficiency of AOS also improves with the reduced device area [97]. There-
fore, for an AOS device with subwavelength dimensions [98,99], femtojoule pulse
energy should be sufficient to switch it. The presented results pave a path toward
a new category of optospintronic devices, which can directly convert ultrafast op-
tical signals into the nonvolatile magnetic states of spintronic structures and thus
may find novel applications combining photonic and magnetic technologies.
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Chapter 5
Concluding Remarks
This dissertation has discussed three scenarios that involve angular momentum
transfer in the process of light-matter interaction.
In chapter 2, we presented the measurement of spin angular momentum of
photons propagating in a birefringent waveguide. We demonstrated an on-chip
optomechanical seesaw device to amplify and transduce the optical torque gener-
ated in the silicon waveguide. Our quantitative torque measurement reveals that
the photon spin angular momentum in the waveguide is slightly larger than the
value in vacuum, suggests that Minkowski momentum applies in our system. The
result shows that the optical torque is determined by the geometric birefringence
of the waveguide and is independent of optical frequency. Therefore, it can be
implemented in other nanophotonic structures to generate even more pronounced
effects. In general, our device provides a sensitive detection to the rotational
motion of microstructures and can be potentially used in applications such as
optomechanical gyroscopes and torsional magnetometry.
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In chapter 3, we studied the photogalvanic effects in 3D topological insula-
tor Bi2Se3. Through circular photogalvanic effect, we demonstrate a helicity-
dependent interface between the optical modes in a photonic waveguide and the
surface electrons of topological insulators that directly converts the spin angular
momentum of the guided photons to the spin-polarized photocurrent of the TI.
The device can be utilized as an optically pumped source of spin-polarized current
that may find applications in spintronics. To this end, an important next step is
to verify the spin polarization in the CPGE photocurrent with techniques such as
magneto-optic Kerr effect and non-local potentiometric measurement using mag-
netic contacts.
In chapter 4, we studied the ultrafast all-optical magnetic switching in fer-
rimagnetic alloy Gd(FeCo) using sub-picosecond near-infrared laser pulses. By
integrating Gd(FeCo) as the free layer, we further demonstrated an optically
switchable magnetic tunnel junction with a TMR ratio of 0.6%. A switching
repetition rate at 1 MHz has been demonstrated, but the fundamental upper limit
should be higher than tens of GHz rate. Further studies are required to improve
the device performance towards practical applications. For example, the TMR
ratio of this device can be potentially increased by exchange coupling the GdFeCo
layer with a ferromagnetic layer, such as CoFe and CoFeB, and by annealing to
improve the quality of MgO layer. In terms of device operation speed, the ultimate
switching time can be determined by measuring its response to two consecutive
pulses with short (sub-nanosecond) temporal spacing using time-resolved pump-
probe scheme. Furthermore, since the energy per pulse required for AOS scales
inversely with the device area, to study the AOS behavior in devices with sub-
wavelength dimension is a important step towards energy-efficient and large scale
AOS spintronic devices.
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